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Abstract

A number of palaeobiogeographical models for Ordovician organic-walled microphytoplankton (acritarchs,
prasinophytes, and related groups) have been published during the past 30 years. A modern synthesis of Ordovician
acritarch palaeobiogeography, based on previously published acritarch ‘provinces’ and global distribution models, as
well as new plots on recently compiled palaeogeographical maps is presented. Review of the literature and new plots
indicate that a number of preliminary conclusions can be drawn. Following minor biogeographical differentiation of
acritarch assemblages during the Cambrian, ‘provincialism’ started at the Cambrian^Ordovician boundary. In the late
Tremadocian a warm-water assemblage, containing the genera Aryballomorpha, Athabascaella and Lua, but no
diacrodians, seems to be limited to low-latitude localities such as Laurentia and North China. From the late
Tremadocian and throughout most of the Arenig a peri-Gondwana acritarch assemblage with the easily recognisable
taxa Arbusculidium filamentosum, Coryphidium, and Striatotheca is present on the southern margin of Gondwana, and
its distribution corresponds almost exactly with that of the Calymenacean^Dalmanitacean trilobite fauna. It seems
reasonable to consider the acritarchs of Baltica as belonging to a temperate-water ‘province’, which was probably not
restricted to the palaeocontinent of Baltica but had a wider distribution at about the same latitude, as some of the
elements recorded from Baltica also occur in South China and Argentina. The maximum separation of the continents
during the Arenigian, reflected by a pronounced biogeographical differentiation of most Ordovician fossil groups, led
to the development of geographically distinct acritarch assemblages. Data from the late Middle Ordovician and the
Late Ordovician remain too poor to elucidate global palaeobiogeographical patterns. The biogeographical
distribution of Ordovician acritarchs appears similar to that of the resting cysts of modern dinoflagellates, primarily
controlled by latitude but also following the continental margins.
8 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Following publication of Paris and Robardet’s
(1990) paper, which questioned the existence of
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Tornquist’s Sea between Avalonia and Baltica,
Fortey and Mellish (1992) asked whether some
fossils were better than others for inferring pa-
laeogeography. They considered this question in
relation to the Early Ordovician of the North At-
lantic regions, and concluded that planktonic fos-
sils such as graptolites, chitinozoans and acri-
tarchs were of low palaeogeographical value
while benthic organisms such as trilobites, bra-
chiopods and ostracodes were more useful for
biogeographical discrimination. Fortey and Mel-
lish’s (1992) paper has resulted in an ongoing
discussion on the relative merits of palaeobiogeo-
graphical indicators in the Ordovician. At the
heart of this debate is the question of whether
the microphytoplankton were so widely distrib-
uted as to be virtually cosmopolitan in the Ordo-
vician world, or whether distinct areas of the
Earth were characterised by distinct micro£oras,
and if so what controlled their distribution.
A number of palaeobiogeographical models for

Ordovician organic-walled microplankton (acri-
tarchs, prasinophytes, and other algal groups)
have been published during the past 30 years.
The aim of this paper is to produce a modern
synthesis of their biogeography. The synthesis is
based on the Ordovician acritarch data compiled
by the acritarch clade team of IGCP project 410
‘The Great Ordovician Biodiversi¢cation Event’
(Servais and Stricanne, 2001).

2. Ordovician palaeogeography,
palaeoclimatology, and oceanic currents

Progress made during the last 25 years in
understanding Ordovician palaeogeography has
resulted from the integration of tectonic, strati-
graphic, palaeoclimatological, palaeomagnetic
and palaeontological evidence. The palaeogeo-
graphical maps of Scotese and McKerrow (1990)
have been used to plot the distributions of many
fossil groups, including acritarchs (e.g., Playford
et al., 1995; Tongiorgi et al., 1995; Vecoli, 1999).
On the Ordovician maps of Scotese and McKer-
row (1990) and similar reconstructions, the main
continents are Laurentia (North America) and Si-
beria, both found in equatorial positions, Baltica,

located at intermediate latitudes in the southern
hemisphere, and the supercontinent Gondwana,
by far the largest plate, which included South
America, Africa, Antarctica, Australia, India
and other marginal terranes. This large continent
extended from the South Pole to the Equator but
remained separated from Laurentia throughout
the Ordovician.
An alternative palaeogeographical model pro-

posed by geologists working in South and Central
America (e.g., Dalla-Salda et al., 1992; Dalziel et
al., 1994; Dalziel, 1997) postulated a collision be-
tween Laurentia and Gondwana during the Mid-
dle Ordovician. Both models are permissible on
palaeomagnetic evidence because palaeolongi-
tudes cannot be determined by palaeomagnetic
data. Palaeontological data, however, disprove
the collision hypothesis. The continents remained
separated throughout the Ordovician, while a
smaller terrane, which included the Precordillera
of Argentina, rifted o¡ from Laurentia in the
Early Ordovician to drift across the Iapetus
Ocean to dock with Gondwanan Argentina at
some time prior to the Late Silurian (e.g., Bene-
detto, 1998). In the more recently published Or-
dovician palaeogeographical maps (e.g., Scotese et
al., 2001; Cocks, 2001; Li and Powell, 2001),
Gondwanan Argentina is depicted facing the
western margin of Laurentia, across a western
Iapetus Ocean that is much narrower than shown
on earlier reconstructions.
Models of Ordovician palaeoclimatology and

palaeoceanography are rare and remain much
more speculative than palaeogeographical re-
constructions. Golonka et al. (1994) published
palaeotemperature and palaeoclimate maps, con-
structed using a palaeoclimate-modelling pro-
gramme developed by Parrish (1982). While there
is broad agreement that the end-Ordovician glaci-
ation was due to the formation of an ice cap,
following the movement of Gondwana towards
the South Pole, there is less agreement on models
of oceanic circulation, which vary greatly from
one author to another. Bergstro«m (1990, ¢g. 8),
for example, presented an oceanic current circula-
tion model for the Early Ordovician, which in-
cluded a current in the southern hemisphere that
originated in South America, drifted eastwards
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along the margin of European Gondwana (pass-
ing through the Tornquist’s Sea), to reach local-
ities such as Saudi Arabia and South China. This
model was used to explain the regional distribu-
tion of some conodont taxa. At the same time,
graptolite workers presented another circulation
pattern model for the Arenig with a current £ow-
ing in exactly the opposite direction, originating
around Arabia, drifting westwards on the north-
ern margin of European Gondwana (passing
through the Tornquist’s Sea), to reach Gond-
wanan Argentina (Finney and Chen, 1990).
A more recent model published by Christiansen

and Stouge (1999) also concerns the Arenig.
These authors suggested that the temperate low-
pressure zones were located at 50‡ latitude, and
the subtropical high-pressure zones at 25‡ lati-
tude. According to its authors, this model, asso-
ciated with circulation of discrete water masses,
explains the regional distribution, i.e., the provin-
cialism, of graptolites, trilobites, brachiopods and
conodonts.

3. Acritarch ‘provinces’ and previous plots of
acritarch distribution

In this chapter the previously published palaeo-
geographical models applied to Ordovician acri-
tarchs are summarised.

3.1. The earliest models

The ¢rst attempt to model Ordovician acritarch
biogeography was that of Cramer and D|¤ez (1972,
1974, 1977). Following publication of a global
distribution model of Silurian acritarchs (e.g.,
Cramer, 1968), in which several large-scale acri-
tarch assemblages were interpreted as being con-
trolled by palaeolatitude, Cramer and D|¤ez distin-
guished two major provinces in the Ordovician,
the ‘cold African’ (named the ‘Coryphidium bohe-
micum province’ in Cramer and D|¤ez, 1977) and
the ‘warm American Palynological Unit’, which
they plotted on an available but slightly modi¢ed
palaeogeographical map. Cramer and D|¤ez’s Or-
dovician and Silurian models are now out of date
(Colbath, 1990; Tyson, 1995; Le He¤risse¤ and

Gourvennec, 1995; Servais and Fatka, 1997),
mainly because they were based on palaeogeo-
graphical maps that have been superseded. In
Cramer and D|¤ez’s models, acritarch provinces
were depicted as being parallel to latitude and
following climatic belts.
At about the same time, Vavrdova¤ (1974) com-

pared European Ordovician acritarch assemblages
and came to a similar conclusion. She distin-
guished between ‘Arenig^Llanvirnian’ assemblag-
es from Bohemia and those of the Baltic area. The
Bohemian assemblages were attributed to a ‘Med-
iterranean province’, which included Belgium,
France, Spain, North Africa, southern Germany,
central Bohemia and Bulgaria. Coeval assemblag-
es from the northern part of the former Soviet
Union, Sweden, Poland, northern Germany and
parts of the British Isles were attributed to the
Baltic (or Boreal) province, although assemblages
from the British Isles (England and Wales) and
northern Germany were subsequently reassigned
to the ‘Mediterranean’ province. Vavrdova¤’s
(1974) di¡erentiation of the two provinces was
based on general characteristics (prevalence of di-
acromorph acritarchs (diacrodians) in the Medi-
terranean province and of acanthomorph acri-
tarchs in the Baltic province).

3.2. The ‘Mediterranean’ or ‘peri-Gondwana’
province

Most papers on Ordovician acritarchs have
been produced from the areas that correspond
to Vavrdova¤’s Mediterranean province. Martin
(1982) accepted a slightly modi¢ed version of
Vavrdova¤’s (1974) model, enlarging the Mediter-
ranean province to include the Anglo-Welsh area,
eastern Newfoundland and northwestern Argenti-
na. In doing so, she noted the ‘peri-Gondwanan’
distribution of the province. Li (1987) included
his material from the Arenigian Meitan Forma-
tion of Guizhou Province, southwest China, in
Vavrdova¤’s Mediterranean province, and noted
that assemblages described from Hungary, Sar-
dinia, Ireland, southern Britain, Spain, Morocco,
Libya and Saudi Arabia also belonged to that
province. Li (1987) thus established that Vavrdo-
va¤’s Mediterranean province extended from east-
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ern Newfoundland through southern and western
Europe, the Mediterranean area and the Middle
East to the Upper Yangtze Region of southern
China. In a subsequent paper Li (1989) rede¢ned
the ‘Mediterranean’ province of Vavrdova¤ (1974),
abandoning the prevalence of diacromorph acri-
tarchs as a diagnostic feature. Instead, a⁄nity to
the Mediterranean province was determined by
the occurrence of the genera Arbusculidium, Cory-
phidium and Striatotheca.
Following the suggestions of Martin (1982) and

Martin and Dean (1988), Albani (1989) observed
that the term ‘peri-Gondwanian palaeoprovince’
seemed to be more appropriate than the term
‘Mediterranean’ province, and added Acanthodia-
crodium and Dasydiacrodium to its list of diagnos-
tic elements. The term ‘peri-Gondwana province’
has subsequently been used widely in the litera-
ture, extending to Egypt (Gueinn and Rasul,
1986), Brazil (Padilha de Quadros, 1988), Jordan
(Keegan et al., 1990), southern Turkey (Dean and
Martin, 1992), Pakistan (e.g., Tongiorgi et al.,
1994) and Iran (e.g., Ghavidel-Syooki, 1997), in
addition to the areas mentioned above. The prov-
ince is regarded as a cold-water province that ex-
tends from Argentina on the border of northern
Gondwana to the Yangtze Platform (Vecoli, 1999,
¢g. 9).
More recent work has proposed re¢nements to

the basic concept of a peri-Gondwanan province,
either by splitting the province into subdivisions
or by expanding the list of its diagnostic elements.
Thus Playford et al. (1995) accepted that the peri-
Gondwana province comprised a broad, latitudi-
nally extensive, circumpolar, cold to cool-temper-
ate, palaeogeographic belt extending along the
northern margin of Gondwana from Argentina
through eastern Newfoundland, North Africa,
central and southern Europe, and southern Tur-
key to South China, but split the province into
three units of ‘subprovincial’ rank. The ‘Mediter-
ranean subprovince’ was restricted to the area
originally designated by Vavrdova¤ (1974), and
the ‘South America subprovince’ and ‘South Chi-
na subprovince’ were added. Vavrdova¤ (1990) se-
lected 20 species to be characteristic of the ‘high-
latitude Arenigian sea’, and later Vavrdova¤ (1997)
proposed the name ‘Coryphidium bohemicum acri-

tarch bioprovince’ of ‘Arenigian^Llanvirnian’ age
for this assemblage. In her later paper, she pro-
vided a list of 16 taxa that she considered diag-
nostic of this province, and added ¢ve species that
were considered characteristic for this province in
the Llanvirn. Additionally, Vavrdova¤ (1997)
noted that ‘a barrier divided the cool, high-lati-
tude peri-Gondwanan region from the warm-
water Baltoscandinavia and Laurentia’.
Most recently, Li and Servais (in press) con-

¢rmed the existence of the peri-Gondwanan prov-
ince, which they plotted on the palaeogeographi-
cal reconstruction of Li and Powell (2001). Li and
Servais showed that the province extended around
the southern part of Gondwana, from Argentina
to South China, but was absent from the northern
part of the supercontinent, i.e. from North China
and Australia. In addition, Li and Servais noted
that the province should not necessarily be con-
sidered typical of cold- or temperate-water envi-
ronments, as it is present from high latitudes in
European Gondwana to low latitudes such as the
South China Plate.

3.3. The ‘Baltic province’

Recognition of Vavrdova¤’s (1974) Baltic prov-
ince has remained problematical due to the lack
of a clear de¢nition. Li (1989) noted that it was
di⁄cult to recognise the Baltic province as its
characteristic elements, i.e. Baltisphaeridium, Pe-
teinosphaeridium, and Goniosphaeridium (acantho-
morph acritarchs), were also found in the Medi-
terranean province. The Baltic province was
therefore only distinguishable by the absence of
typical peri-Gondwanan taxa. Brocke et al.
(1995) noted that a number of easily recognisable
Early to Middle Ordovician taxa, namely Arbus-
culidium ¢lamentosum, Arkonia, Striatotheca, Au-
reotesta (and Marrocanium), Coryphidium (and
Vavrdovella), Dicrodiacrodium and Frankea, which
were considered typical of cold-water assemblages
from the peri-Gondwana province between the
late Tremadocian and the early Llanvirnian, had
never been recorded from Baltica. Servais and
Fatka (1997) used the presence/absence of these
taxa to distinguish between European micro£oras
of peri-Gondwanan (including Avalonia and Ar-
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morica) and Baltic a⁄nities, thereby delineating
the Trans-European Suture Zone. These authors
considered the Baltic province to be an area with
mixed assemblages that include both cold-water
(diacrodians) and warm-water forms (see below),
a view also expressed by Volkova (1997). In addi-
tion, Servais and Fatka (1997) noted that the dis-
tinction between Baltica and warm-water areas
remained di⁄cult because the data recovered
from the latter areas were too poor.
None of the publications listed above or the

papers by Vavrdova¤ (1997), Raevskaya (1999)
and Vecoli (1999) identi¢ed taxa that were unique
to and diagnostic of the Baltic province. Playford
et al. (1995), however, listed some species of Pe-
teinosphaeridium and related genera (Cyclopo-
sphaeridium, Liliosphaeridium) as being ‘con¢ned
to the Baltic province’ and others as being ‘very-
likely Baltic-restricted’. The subspecies Peteino-
sphaeridium trifurcatum cylindroferum, for exam-
ple, was considered to be ‘endemic to the Baltic
province’. Nevertheless, the concept of a distin-
guishable Baltic province has so far been followed
only by Tongiorgi and his co-workers (Playford et
al., 1995; Ribecai and Tongiorgi, 1995, 1999;
Tongiorgi et al., 1995, 1998; Yin et al., 1998;
Tongiorgi and Di Milia, 1999).

3.4. Warm-water province(s)

Not only did Playford et al. (1995) retain the
Baltic province and subdivide the peri-Gond-
wanan province into three subprovinces, but
they also established three new warm-water prov-
inces of North America, North China, and Aus-
tralia. Playford et al. (1995) identi¢ed species of
Peteinosphaeridium and related genera as the dis-
tinctive elements of each palaeogeographical area.
The Arenigian species Peteinosphaeridium? furca-
tum, for example, was considered to be indigenous
to Western Australia, while the Upper Carado-
cian species Peteinosphaeridium indianense and Pe-
teinosphaeridium spiraliculum were regarded as
being restricted to North America. Playford and
his co-authors summarised their palaeobiogeo-
graphical ideas as follows: ‘representatives of
the peteinoid genera discussed connote palaeogeo-
graphic di¡erentiation in accordance with the rec-

ognised provincial categories’. So far, however,
their model, distinguishing North American and
Australian provinces, has not been widely
adopted, and only Tongiorgi et al. (1995, 1998)
have reported a similar distribution pattern.
Volkova (1997) provided an alternative de¢ni-

tion of a warm-water province based on the gen-
era Corollasphaeridium and Goniomorpha, which
she considered to be indicative of the warm-water
province at the Cambrian^Ordovician boundary.
At a slightly higher stratigraphical level, in the
late Tremadocian, she considered the presence of
the genera Aryballomorpha, Athabascaella and
Lua to be characteristic of the warm-water area,
noting that late Tremadocian occurrences of these
taxa were limited to northeast China (Martin and
Yin, 1988), i.e. on the North China Plate, and to
two areas on Laurentia, the ¢rst being in Alberta,
Canada (Martin, 1984, 1992), and the second in
Texas (Barker and Miller, 1989). In addition, Vol-
kova (1997) noted that diacrodians were com-
pletely absent from these assemblages. Aryballo-
morpha and Athabascaella, however, have also
been recorded from Baltica, a continent that Vol-
kova (1997) placed in temperate-water environ-
ments, where they occur in mixed assemblages
that also include cold-water taxa (diacrodians).

3.5. Previous plots of acritarch distribution

Cramer (1968) represented the ¢rst attempt to
understand the global distribution of Silurian mi-
crophytoplankton by plotting their distribution
on palaeogeographical maps, but comparable
plots for the Ordovician remained rare until the
1990s, although several provincial models had
been described. Over the last decade or so, there
have been many attempts to depict the distribu-
tion of acritarchs on published palaeogeographi-
cal maps, to compare and contrast assemblages
from di¡erent palaeogeographical areas and to
test the in£uence of palaeolatitude (i.e. climatic)
and other factors on acritarch distribution.
Colbath (1990), for example, plotted the Ordo-

vician genus Frankea on the Arenig^Llanvirn and
Caradoc palaeogeographical maps of Scotese
(1986), and concluded that its distribution could
be elegantly explained if Frankea was restricted to
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high latitudes (s approximately 60‡S). This mod-
el received some criticism from Servais (1993),
however, who reviewed the biostratigraphical dis-
tribution of the genus and noted that its biogeo-
graphical distribution was more complicated than
indicated by Colbath. Furthermore, Eiserhardt
(1992) plotted Multiplicisphaeridium raspum and
Palaeohystrichosphaeridium wimanii on maps de-
rived from Scotese (1986) and Colbath (1990)
for the Ordovician^Silurian boundary and the
Lower^Middle Silurian, and concluded that the
distribution of these taxa was not related to pa-
laeolatitude.
Most plots have been intended to depict the

distribution of various provincial micro£oras.
Thus, Vavrdova¤ (1990) plotted the distribution
of some 20 selected taxa from the Mediterranean
province on a map of unknown origin in order to
compare the assemblage recovered from the Kla-
bava Formation of Bohemia with other areas,
such as the Montagne Noire (southern France),
southern Britain, Thuringia, Belgium, Newfound-
land, Morocco, Sardinia, Hungary and southern
China. She subsequently (Vavrdova¤, 1997) indi-
cated the distribution of her ‘Coryphidium bohe-
micum bioprovince’ on the Arenig palaeogeo-
graphic reconstruction of Pickering et al. (1989)
and on the Late Ordovician map of Erdtmann
(1991), and plotted the occurrences of Aremorica-
nium syringosagis, present in Gondwana, Baltica
and Laurentia, on a reconstruction at the Ordo-
vician^Silurian boundary by Pickering et al.
(1988) to demonstrate breakdown in provincial-
ism at that time.
Servais et al. (1996) plotted occurrences of Di-

crodiacrodium ancoriforme on a map ¢rst pub-
lished by Brocke et al. (1995), demonstrating
that the species is typical of the peri-Gondwanan
province. The same map was used to plot addi-
tional taxa that show a similar distribution: Au-
reotesta^Marrocanium (Brocke et al., 1998) and
Arbusculidium ¢lamentosum var. ¢lamentosum
(Fatka and Brocke, 1999). Servais and Fatka
(1997) subsequently published a map for the Are-
nig, depicting the European and North African
parts of Gondwana together with Avalonia and
Baltica, on which the presence/absence of Dicro-
diacrodium, Frankea and A. ¢lamentosum was

used to distinguish between peri-Gondwanan
and Baltican assemblages at either side of the
Tornquist’s Sea.
Servais and Mette (2000) and Vanguestaine and

Servais (2002) plotted the occurrence of the mes-
saoudensis^tri¢dum assemblage, considered to be
typical of the late Tremadocian^early Arenig
in the peri-Gondwanan area, and showed that
the full assemblage only occurs in high-latitude
areas, including the British Isles, Belgium, Ger-
many, Bohemia, Spain and Turkey. Some ele-
ments, but not the whole assemblage are also
found in Argentina, southern China and north-
western Russia. Most recently, Li and Servais
(2002) plotted occurrences of the warm-water gen-
era selected by Volkova (1997), namely Aryballo-
morpha, Athabascaella and Lua, and the three sig-
ni¢cant taxa of the peri-Gondwana province
selected by Li (1989), i.e. Arbusculidium ¢lamento-
sum, Coryphidium and Striatotheca, on the global
palaeogeographical reconstruction for the Arenig
(ca. 480 Ma) by Li and Powell (2001). This plot
showed a clear distinction between two distribu-
tional areas, one around the southern part of
Gondwana and the second at low latitudes.
Other authors have used maps by Scotese and

McKerrow (1990, 1991), including Playford et al.
(1995) and Tongiorgi et al. (1995), for the distri-
bution of Lower to Middle Ordovician peteinoid
taxa, and Wicander et al. (1999), who discussed in
detail the palaeobiogeography of the Late Ordo-
vician acritarchs at a global scale. The latter au-
thors plotted all investigated localities on a pa-
laeogeographical reconstruction based on maps
of Scotese and McKerrow (1991) and Wilde
(1991). Volkova (1997) plotted some of the local-
ities bearing elements of the three provinces (peri-
Gondwana, Baltica and the warm-water province)
on the palaeobiogeographical map of Erdtmann
(1986), based in turn on graptolite distribution
during the earliest Ordovician (early Tremado-
cian).

3.6. Interpretations of the impact of ocean currents

There is little doubt that ocean currents played
an important role in the global distribution of
Ordovician acritarchs, similar to the way in which
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modern currents in£uence the distribution of cysts
of marine microphytoplankton in present-day
oceans. Matthiessen (1995), for example, reported
evidence that the transport of dino£agellate cysts
and other organic-walled microfossils by currents
modi¢es the assemblages found in Recent oceanic
surface sediments from the Norwegian^Greenland
Sea. Mudie and Harland (1996) noted that the
in£ow of warm, saline North Atlantic Drift water
in the eastern Arctic was considered responsible
for a mixture of dino£agellate assemblages in the
modern Arctic Ocean. Models invoking the in£u-
ence of currents have been applied to Ordovician
acritarchs to explain the distribution of selected
taxa.
Based on the palaeogeographical maps of Sco-

tese and McKerrow (1990) and on the palaeocli-
matological maps of Wilde (1991), several authors
have proposed interpretations of the in£uence of
oceanic currents on the distribution of their fossil
groups. The ¢rst attempt to explain acritarch dis-
tributions in such a way was that of Li (1991)
who discussed the presence of ‘cold-water’ acri-
tarchs in lower latitudes in South China, where
warm-water carbonates are indicative of a warmer
environment. He noted that cold-water conodonts
(An, 1987), trilobites (Zhou and Fortey, 1986)
and graptolites (Berry and Wilde, 1990) were
found on the Yangtze Platform during the Are-
nig^Llanvirnian, and proposed a model of oceanic
surface currents based on the palaeogeographic
map of Scotese and McKerrow (1990) to explain
the presence of the ‘cold-water’ acritarchs in the
low-latitude, warmer environments. Li (1991,
p. 33) suggested that the taxa Striatotheca and
Coryphidium, considered to be of cold-water a⁄n-
ity by Cramer and D|¤ez (1976) and Albani (1989),
may have been introduced into southern China by
an ocean current circulation that brought cold
water masses from low-latitude Gondwana to
southwest China.
Subsequently, Tongiorgi et al. (1995) and Yin

(1995) published a similar model, proposing that
the northward extension of the Mediterranean
province to South China could be attributed to
‘a cool peri-Antarctic (peri-Gondwanan) oceanic
current £owing along the subpolar margin of
GondwanaT’. In a later paper, Tongiorgi and Di

Milia (1999) noted that ‘the present reconstruc-
tions of oceanic circuits are probably based on
overly simplistic assumptions’, and presented a
second possible hypothesis to explain ‘changing
palaeogeographic a⁄nities’ by ‘sea-level £uctua-
tions related to eustatic cycles’.
Eiserhardt (1992) included a cautious discus-

sion of the possible in£uence of ocean currents
in his investigation of Late Ordovician assemblag-
es. He noted that there were major problems in
trying to isolate the e¡ects of ocean currents on
the composition of acritarch assemblages. In the
¢rst place, he argued that the percentage of indi-
vidual taxa must be known in detail in all assem-
blages from the di¡erent areas. Furthermore, he
noted that it is almost impossible to determine
whether a species produced its cysts at only one
locality. Eiserhardt (1992) therefore avoided the
use of a simplistic model of current circulation
to explain the composition of his Late Ordovician
assemblages from the southern Baltica area.

4. Palaeobiogeography or palaeoecology?

The spatial distribution of acritarch taxa and
morphotypes is a function of their ecological re-
quirements as well as biogeography. Any attempt
to describe biogeographical patterns of acritarch
distribution must therefore take into account
likely palaeoecological controls and distinguish
them from palaeobiogeographical in£uences.

4.1. The biology of acritarchs

Although the acritarchs were de¢ned as a util-
itarian catch-all category to include organic-
walled microfossils of variable and unknown bio-
logical a⁄nity (Evitt, 1963), most Lower Palaeo-
zoic acritarchs are today considered to represent
cysts of organic-walled microphytoplankton (e.g.,
Martin, 1993; Colbath and Grenfell, 1995; Moly-
neux et al., 1996; Servais et al., 1997; the reader is
referred to these papers for reviews of the biolog-
ical a⁄nities of acritarchs). Most Palaeozoic acri-
tarchs probably constituted the organic-walled
marine microphytoplankton of the oceans and
may be considered as ‘pre-dino£agellates’ (Le
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He¤risse¤, 1989), and can be compared to various
algal groups in modern oceans.
Assuming that comparison with modern dino-

£agellates and prasinophytes is valid, Palaeozoic
phytoplankton distribution was probably con-
trolled by a series of parameters, of which the
climate (temperature) signal, the coastal/oceanic
(inshore^o¡shore trend) signal, the salinity signal,
and the productivity (coastal upwelling zones) sig-
nal are the most important (e.g., Dale, 1996).
On a global scale, modern dino£agellate species

tend to occur in broad latitudinal bands, forming
low-, middle- and high-latitude assemblages (Tay-
lor, 1987). Similarly, Ordovician acritarchs should
provide some information about the palaeolati-
tude of ancient continents, and also about the
position of continental ridges. In addition, acri-
tarchs may indicate the in£uence of longitudinal
barriers to oceanic circulation. Despite the reser-
vations of Eiserhardt (1992), ocean currents may
also have exerted an in£uence on acritarch distri-
bution.

4.2. The palaeoecology of acritarchs: the
temperature signal

In Mesozoic, Cenozoic and Recent dino£agel-
late assemblages, only a few taxa appear to be
signi¢cant for biostratigraphy, (palaeo)biogeogra-
phy or (palaeo)ecology. Dale (1996) proposed a
model of dino£agellate cyst ecology and discussed
the geological implications. Among the di¡erent
environmental signals observed in recent cyst as-
semblages, one of the most important is surface
water temperature.
Dale (1996) noted that surface water tempera-

tures in the oceans are determined by interactions
of physical factors and that they have a direct
impact on the constitution of dinocyst assemblag-
es. He indicated that a temperature di¡erence of
only a few degrees over a period of time might
reasonably be presumed to cause biological di¡er-
entiation into biogeographical zones. One of the
most pronounced temperature-related boundaries
in the distribution of recent dino£agellate cysts
has been identi¢ed as a main cooler/warmer water
boundary in the North Atlantic. On the western
side of the Atlantic Ocean, this boundary occurs

on the coast between Cape Cod and Nova Scotia
(at about 42^43‡N) and between the English
Channel and southwestern Norway on the eastern
side (at about 50^65‡N), depending on which spe-
cies is used (e.g., Dale, 1983; Taylor, 1987). Dale
(1996, ¢g. 1) showed the distribution of selected
recent and living dino£agellate cyst types com-
pared with standard biogeographical zones (polar,
subpolar, temperate, equatorial) for the Atlantic
Ocean. According to this scheme, some recent
taxa range from the polar region in the northern
hemisphere to subpolar regions in the southern
hemisphere. The living species that produce these
resting cysts may thus be considered to be insen-
sitive to climate. The distribution of other taxa,
however, is limited to smaller geographical areas.
While some cysts only occur in polar and subpo-
lar areas in the northern Atlantic, others, for ex-
ample, are only found in temperate to equatorial
biogeographical zones. These taxa may therefore
be useful for biogeographical studies.
Based on this model of recent dino£agellate

distribution, Li and Servais (2002) attempted to
select some acritarch taxa that may be indicative
of possibly temperature-related zones during the
Early to Middle Ordovician. According to Li and
Servais (2002), some taxa seem to be restricted by
palaeolatitude, and therefore their distribution
might be controlled by palaeotemperature. It ap-
pears that it is possible to distinguish cold-water
(high-latitude) and warm-water (low-latitude)
forms, as well as ubiquitous taxa that are found
at all latitudes. Li and Servais (2002) proposed the
following di¡erentiation:

Cold-water forms : the Early to Middle Ordovi-
cian (Arenigian) taxa Arbusculidium ¢lamentosum,
Coryphidium^Vavrdovella and Arkonia^Striatothe-
ca appear to be most common around the South
Pole up to palaeolatitudes of 60‡S, and more
rarely up to 30‡S. These taxa were possibly dis-
tributed only in polar and subpolar zones, and to
a lesser extent in temperate zones, assuming that
the Ordovician biogeographical zonal scheme was
more or less comparable to that of today (see
Wilde, 1991; Christiansen and Stouge, 1999).
The galeate taxa (sensu Servais and Eiserhardt,
1995) and the diacromorph acritarchs are also
more abundant in higher southern hemisphere lat-
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itudes, but may occur more frequently than the
previously listed taxa at localities around 45^20‡S,
i.e., these taxa are probably more likely to be
recorded from the temperate zone of the southern
hemisphere than the ¢rst group.

Warm-water forms : the genus Lua has so far
only been recorded from low latitudes, and might
therefore indicate an ‘equatorial zone’ in the Or-
dovician. In addition, the genera Aryballomorpha
and Athabascaella have been recorded from low
and intermediate latitudes, but never from high
latitudes. Both these genera may indicate an equa-
torial to temperate zone in the Ordovician. Some
taxa that were ¢rst considered to be of ‘warm-
water’ a⁄nity, because they were ¢rst recorded
in lower latitudes, may range further to the south.
Rhopaliophora was ¢rst described from Laurentia
(Tappan and Loeblich, 1971) and Australia (Play-
ford and Martin, 1984), and so its occurrence was
believed to be limited to low latitudes. Subse-
quently it has been found in other localities
from higher latitudes, for example from northern
England (Cooper and Molyneux, 1990), Argenti-
na (Rubinstein and Toro, 2001), and Iran (Gha-
videl-Syooki, 2001). This taxon therefore has a
wide distribution.

Ubiquitous taxa : many acritarch taxa are re-
corded from most palaeocontinents, i.e. in most
latitudes. Although some may be biostratigraphi-
cally signi¢cant or indicate special palaeoecologi-
cal conditions, these taxa appear to have little
application to palaeobiogeographical studies.
Among these taxa, Li and Servais (2002) listed
the highly variable genera Micrhystridium, Balti-
sphaeridium, Peteinosphaeridium and Polygonium
( =Goniosphaeridium).
Li and Servais (2002) noted that their model

was a ¢rst attempt at selecting climate-related
morphotypes in the Early Ordovician, and that
future investigations would show if some of these
taxa had restricted geographic distributions and
thus really occupied di¡erent climatic zones.

4.3. The palaeoecology of acritarchs: the coastal/
oceanic signal

In his analysis of the ecology of recent dino£a-
gellates, Dale (1996) noted that one of the stron-

gest ecological boundaries for phytoplankton in
the marine realm is the limit between nutrient-
rich coastal/neritic waters and the relatively nu-
trient-poor oceanic waters. This boundary may
be re£ected by an inshore^o¡shore trend in dino-
£agellate communities, which has been observed
by many dino£agellate workers (e.g., Head and
Wrenn, 1992). Mudie (1992), for example, pro-
vided evidence for inshore^o¡shore trends in tran-
sects across the temperate, the subarctic and the
arctic regions of the eastern Canadian margin (re-
spectively south of Nova Scotia, from northeast-
ern Newfoundland to the Labrador Sea, and from
the Labrador Sea to the Saglek Bank). Together
with seasonal parameters, latitudinal di¡erences
and surface currents, the inshore^o¡shore data
set enabled the preparation of a map that de-
picted the modern geographical distribution of
selected dino£agellate cysts in the northwestern
Atlantic Ocean (Mudie, 1992, ¢g. 10A^F).
Fossil communities were probably distributed

in a similar way. Brinkhuis (1994), for example,
provided a distribution pattern of the dino£agel-
late cysts and other palynomorphs, including pra-
sinophytes, spores, pollen and foraminiferal lin-
ings, for the continental shelf-slope transect of
the Upper Eocene^Lower Oligocene of the Trento
Shelf, Italy. While the prasinophytes are only
common in nearshore environments, the dino£a-
gellates include taxa that are more common in the
inner neritic, outer neritic or oceanic environ-
ments.
Similar models for Lower Palaeozoic transects

remain rare and it is still di⁄cult to attribute par-
ticular acritarch taxa to speci¢c environments.
The most cited work is that of Dorning (1981),
who documented acritarch distribution in the
Ludlovian (Silurian) shelf sea of South Wales
and the Welsh Borderland. Dorning (1981) ana-
lysed the percentages of selected acritarch taxa in
his transects and indicated the relative abundance
of 17 Silurian genera. He concluded that acri-
tarchs showed a low diversity nearshore and in
deeper-water environments, and a much higher
diversity over much of the shelf area. Wright and
Meyers (1981) indicated a similar trend in the
Middle Ordovician of Oklahoma, where acritarch
diversity increases from nearshore to open marine
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sites. Many authors came to similar conclusions
and today it is widely accepted that assemblages
from o¡shore shelf environments contain the
most abundant and diverse acritarchs. Nearshore
and deep-water acritarch assemblages are of lower
diversity, dominated by sphaeromorphs with rare
acanthomorphs and polygonomorphs.
The inshore^o¡shore model of acritarch distri-

bution is likely to be simplistic, in the sense that
acritarch distribution along an inshore^o¡shore
gradient is likely to be a¡ected by other parame-
ters, including complex hydrodynamic factors that
involve the distribution of water masses of vary-
ing physico-chemical type and sea-level £uctua-
tions (e.g., Jacobson, 1979; Colbath, 1980).
Nevertheless, Dorning’s (1981) model has been
widely adopted to interpret acritarch distribution
throughout the Palaeozoic. Various authors have
used the inshore^o¡shore model of acritarch dis-
tribution for Ordovician acritarch assemblages to
interpret conditions of sedimentation. Hill and
Molyneux (1988), for example, interpreted Late
Ordovician acritarch assemblages of Libya as in-
dicating a relatively shallow, open marine shelf
environment. Wicander et al. (1999) interpreted
their Late Ordovician assemblage from northeast-
ern Missouri, USA, as being deposited in a low-
energy, o¡shore, normal marine environment,
consistent with the available sedimentological
data and the information from other fossil
groups. Vecoli (2000) also considered the palaeo-
environmental implications of acritarchs from the
Cambrian^Ordovician of the northern Sahara
Platform, and concluded that some stratigra-
phically important acritarch species, e.g., Acan-
thodiacrodium angustum, appeared to be facies-
sensitive.
In some cases, it may be di⁄cult to distinguish

the palaeoecological signals of Ordovician acri-
tarchs from palaeogeographical information. It
seems that some species are sensitive to speci¢c
ecological conditions and to sedimentological fa-
cies, while others are sensitive to temperature, i.e.
to latitudes. While the ¢rst group of species may
have important palaeoecological implications, the
second group may be signi¢cant for palaeobio-
geography. As palaeoecological data were gener-
ally missing from the earliest acritarch investiga-

tions, many ‘palaeobiogeographical’ distributions
found in the literature may thus simply re£ect
di¡erent sediment facies or di¡erent palaeoeco-
logical conditions. Further study, including rein-
vestigation of previously published material, is re-
quired to understand fully the spatial distribution
of selected morphotypes at all scales. In addition,
it is important to know the total assemblage and
not only a selection of taxa.

4.4. The palaeoecology of acritarchs: the salinity
signal

Not only does the distribution of modern cyst-
forming dino£agellates cover a wide temperature
range, from arctic to tropical waters, but it also
covers the full range of present-day salinities,
from freshwater to hypersaline aquatic environ-
ments. The potential for using dino£agellates as
salinity indicators is poorly developed, although it
appears that dino£agellates follow a similar dis-
tribution to that of recent molluscs, i.e. with three
main salinity regimes (Wall et al., 1977).
Recent experiments on dino£agellates in culture

show that the morphology and the size of the
cysts may vary considerably for a single biological
species under di¡erent salinity conditions. The
greatest variation a¡ects the number, distribution,
length and structure of the processes. Wall and
Dale (1973) interpreted the varying morphology
of the resting cysts of Lingulodinium machaeropho-
rum as being a result of low salinity in estuarine
environments of the Black Sea. Turon (1984)
came to a similar conclusion, correlating reduced
process length with lower salinity. Ellegaard
(2000) also demonstrated that a number of dino-
£agellate species displayed shorter processes
under conditions of reduced salinity. In addition,
Hallett and Lewis (2001) provided evidence of a
relationship between cell biochemistry, process
length and salinity.
These results may have important repercussions

for acritarchs. So far, the e¡ects of changing sa-
linity on Lower Palaeozoic acritarchs have not
been documented systematically, although Servais
et al. (2001) suggested that an increased length of
processes on specimens of the galeate acritarch
plexus (sensu Servais and Eiserhardt, 1995) in
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the Cambrian^Ordovician boundary beds of the
Algerian Sahara might be related to water depth
and possibly to salinity.
The morphology of the peteinoid acritarchs

(sensu Playford et al., 1995) is possibly also
in£uenced by salinity. The classi¢cation of the
peteinoids is based essentially on morphological
criteria related to the processes, which for dino-
£agellate cysts are known to vary with environ-
mental changes such as changes in salinity or
temperature (see Kokinos and Anderson, 1995;
Ellegaard, 2000; Hallett and Lewis, 2001). Bagno-
li and Ribecai (2001) described a continuous mor-
phological change in the processes of Liliosphaeri-
dium from two nearby sections in Sweden, which
may indicate that a palaeoecological parameter
(such as salinity or temperature) may have
changed in the sequence analysed. From this, it
is evident that detailed investigations of the vari-
ability of Peteinosphaeridium and related genera
are needed to separate the in£uence of palaeoecol-
ogy on morphology from that of palaeobiogeog-
raphy.

4.5. The palaeoecology of acritarchs: the
productivity signal

Several microfossil groups, including forami-
nifera, coccolithophorids and radiolarians, are
known to indicate palaeoproductivity signals as
well as ancient upwelling zones (e.g., Golonka et
al., 1994). Few studies indicate so far that recent
dino£agellates may also re£ect modern upwelling
zones. Wall et al. (1977), for example, distin-
guished an upwelling signal from Peru and south-
western Africa on the basis of dino£agellate cyst
distribution. The identi¢cation of ancient upwell-
ing zones based on acritarch distribution remains
extremely poor to date. The data set is too meagre
and much work remains to be done before tenta-
tive correlations can be made between Ordovician
acritarch assemblages and putative upwelling
zones such as those indicated by Golonka et al.
(1994) on their palaeogeographical and palaeocli-
matic maps. So far, only Raevskaya et al. (in
press) have discussed the possible in£uence of
upwelling zones on the distribution of acritarch
assemblages. These authors noted that the di¡er-

ences between the Baltic and South Chinese
assemblages might be related to di¡erent physio-
graphic situations, with di¡erent nutrient condi-
tions depending either on £uvial or upwelling in-
put.

5. Ordovician acritarch distribution: the global
scenario

Thorough compilations of Ordovician acritarch
literature (Servais, 1998) and species (Servais and
Stricanne, 2001) provide the basis for a reassess-
ment of Ordovician acritarch biogeography. Some
secure palaeobiogeographical interpretations are
possible, while others should be considered as ten-
tative because the available data set remains too
sparse. The Ordovician acritarch data available
for each palaeocontinent are summarised below.

5.1. Laurentia

Laurentia is well de¢ned (e.g., by Scotese and
McKerrow, 1990; Cocks, 2001) as a continental
mass that was situated across the Equator
throughout the Ordovician. Acritarch occurrences
have been reported mainly from the Late Ordovi-
cian (Wicander in Servais et al., in press), whereas
descriptions of Early Ordovician (Tremadocian
and Arenig) Laurentian acritarchs are few. Mar-
tin (in Dean and Martin, 1982; Martin, 1984,
1992) described and illustrated Tremadocian and
Arenig acritarch assemblages from Wilcox Pass,
Alberta, Canada, and Barker and Miller (1989)
mentioned similar assemblages from a borehole
in the Tremadocian of Texas. Assemblages from
both areas include taxa that so far have only been
recorded from low latitudes, i.e., Aryballomorpha,
Athabascaella and Lua.
Similarly, the Middle Ordovician acritarchs of

Laurentia are not known in great detail. Loeblich
and Tappan (1978 and references therein) de-
scribed assemblages from the Middle Ordovician
(approximately Llanvirn^Llandeilo) of Oklaho-
ma, and Martin (1983) reported coeval material
from the St. Lawrence Lowland in Ottawa, Mon-
treal, and Que¤bec City areas of Ontario and Que¤-
bec, Canada. Nevertheless, the data are too sparse
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to assess the palaeobiogeographical relationships
of this material.
Late Ordovician acritarchs are by far the best

studied from Laurentia. Investigations include lo-
calities from Indiana, Kansas, Kentucky, Ohio,
Oklahoma, Anticosti Island, the St. Lawrence
Lowland and Gaspe¤. The palaeobiogeographical
signi¢cance of these assemblages was discussed in
some detail by Wicander et al. (1999).

5.2. Siberia and Kazakhstan

Siberia was one of the major continental masses
located at low latitudes during the Ordovician. It
was separated from Baltica, but was possibly con-
nected to Kazakhstan (e.g., Scotese and McKer-
row, 1990; Torsvik et al., 1995). Very little has
been published on Ordovician microphytoplank-
ton from these areas (e.g., Timofeev, 1963; She-
shegova, 1971; Sheshegova in Moskalenko, 1984).
In the latter paper, Sheshegova illustrated numer-
ous Ordovician acritarchs from three sections in
northwest Siberia, located in the Igaro^Norilsk
Region and the Moierokan River basin. The old-
est assemblages recorded were of latest Arenigian
age, from the Kimaiskiy Substage, Kulumbe sec-
tion, so there is no information on Tremadocian
and Early to Middle Arenigian acritarchs to com-
pare with data from other regions. Nevertheless,
no peri-Gondwanan marker species were observed
among the diverse acritarch assemblages recorded
from higher parts of the Ordovician succession.
Furthermore, the Upper Ordovician assemblages
from the Moierokan section show a high degree
of similarity to coeval assemblages from Lauren-
tia.

5.3. Baltica

The palaeogeography and palaeobiogeography
of Baltica have been investigated in some detail
(e.g., Cocks and Fortey, 1998), and a large num-
ber of acritarchs papers covering all series from
the Lower to the Upper Ordovician have been
published, covering sections in Norway, Sweden,
Finland, Poland, the Baltic States and northwest
Russia (Servais, 1998).
Although Baltica is noted for its endemic bra-

chiopod and trilobite faunas (Cocks, 2001), the
identi¢cation of endemic acritarch taxa remains
problematical. Several attempts have been made
to identify taxa that might be diagnostic of a Bal-
tic province, and selected species of Peteino-
sphaeridium and related genera have been sug-
gested for that role (Tongiorgi and Di Milia,
1999). However, as yet there is insu⁄cient evi-
dence to show that the intraspeci¢c variability of
the peteinoid acritarchs re£ects palaeogeographi-
cal separation rather than local environmental ef-
fects (see also Section 4).
Rather than containing a unique set of taxa,

Baltic assemblages on the whole seem to comprise
intermediates between high- and low-latitude as-
semblages. So, although lowermost Ordovician
(lower Tremadocian) assemblages contain pre-
dominantly cold-water taxa (diacrodians), upper
Tremadocian and lowermost Arenig assemblages
comprise a mixture of taxa from high- and low-
latitude realms (Volkova, 1997), while middle and
upper Arenigian assemblages include a high num-
ber of widespread species that are not considered
to be typical elements of any province. Wide-
spread acanthomorph acritarchs (Baltisphaeridi-
um, Goniosphaeridium, Peteinosphaeridium, etc.)
appear to be the dominant taxa in the latter as-
semblages, while the less common genera Ampul-
lula (and Stelomorpha), Pachysphaeridium, Rhopa-
liophora, Sacculidium (Ribecai et al., 2002) and
Tongzia are also frequently recorded. However,
none of these taxa is limited to Baltica, and
most of these acritarchs have also been recorded
from coeval sediments from South China and the
Precordillera of Argentina, where they are mainly
associated with distinctive peri-Gondwanan taxa.
For these reasons, it seems reasonable to con-

sider the acritarchs of Baltica as belonging to a
temperate-water ‘province’, which was probably
not restricted to the palaeocontinent of Baltica
but had a wider distribution at about the same
latitude. Perhaps because of oceanic water mass
circulation, the ‘province’ might have extended to
the margins of South China and Argentina, at
least during the Arenig. Lack of information on
Late Ordovician acritarchs from both Argentina
and South China inhibits comparison with the
Late Ordovician material from Baltica.
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5.4. China: three plates

Ordovician China can be divided into three ma-
jor plates, the Sino-Korean (North China) Plate,
the Tarim Plate, and the Yangtze Platform, with
several additional minor terranes (e.g., Scotese
and McKerrow, 1990; Li, 1998). During the Early
Palaeozoic, these plates were separated from each
other and were located in di¡erent latitudes. Dur-
ing most of the Ordovician, the North China
Block was dominated by warm-water carbonates
and was located near the Equator and/or in low
latitudes in the northern hemisphere. The Yangtze
Platform and Tarim Plate were located further
south, with the Yangtze Platform occupying a
position close to the Equator or in low latitudes
in the southern hemisphere and Tarim being lo-
cated further south. Palaeontological data indi-
cate that the Yangtze Platform was probably lo-
cated near Australia during most of the
Palaeozoic (Scotese and McKerrow, 1990).
Few papers dealing with Ordovician acritarchs

from North China have been published to date
(Li et al., 2001). Most papers (e.g., Martin and
Yin, 1988) focus on the acritarchs from the Cam-
brian^Ordovician boundary in Jinlin Province,
northeast China. Volkova (1997) used the occur-
rence of Aryballomorpha, Athabascaella and Lua
to assign the Early Ordovician of the North Chi-
na Plate to her ‘warm-water province’, along with
Laurentia.
Ordovician acritarchs from the Tarim Plate are

also poorly known, and data from the Early Or-
dovician are lacking. Middle to Late Ordovician
acritarchs have been described from the Tarim
Basin of Xinjiang, North China, in a series of
papers (for references see Li et al., 2002b). The
assemblages show some similarities with assem-
blages from the type Caradoc of England and
with coeval material from the mid-continent of
North America (Li, 1995). However, it would be
premature to draw de¢nitive palaeobiogeographi-
cal conclusions at present.
Early to Middle Ordovician acritarchs from lo-

calities on the Yangtze Platform, South China,
have been described in a number of papers (for
references see Li et al., 2002b). Li (1987) included
the Yangtze Platform in the ‘Mediterranean prov-

ince’ of Vavrdova¤ (1974), before proposing a
water mass circulation model that brought ‘cold-
water’ acritarchs into the area (Li, 1991). Li and
Servais (2002) argued that southern China should
be included in the ‘peri-Gondwana province’,
adding that this palaeogeographical area should
not be considered as being necessarily restricted
to a ‘cold-water’ setting (see also below).
Patterns of acritarch abundance and diversity

within the Yangtze Platform probably result
from environmental and facies changes, as docu-
mented in several papers. Li et al. (2002a), for
example, indicated that acritarch diversity and
abundance was probably related to an inshore^
o¡shore gradient that could be observed from
the western (nearshore) to the eastern (open ma-
rine) part of the Platform. Brocke et al. (2000)
considered that it is too early to con¢rm the mod-
el of Tongiorgi et al. (1998), who indicated that
‘palaeobiogeographical a⁄nities’ of the acritarch
assemblages throughout the early to later Areni-
gian parts of the Dawan Formation could be at-
tributed to a modi¢cation in the pattern of ocean
currents or to sea-level £uctuations. Raevskaya et
al. (in press) noted that di¡erent conditions of
nutrient input might have a¡ected the composi-
tion of the South Chinese assemblages.

5.5. Australia: northern Gondwana

The supercontinent of Gondwana, also referred
to as Gondwanaland, occupied a major part of
the southern hemisphere during the Ordovician.
According to the most recent reconstructions
(e.g., Cocks, 2001; Li and Powell, 2001), Austra-
lia occupied a northerly position in Gondwana, at
low latitudes, very probably close to the Equator.
Southeast Australia faced Antarctica, an area
from which Ordovician acritarchs are so far un-
known. To the south, Gondwana included the
present-day Indian subcontinent, from which ac-
ritarch data also remain absent.
Ordovician acritarch data from Australia are

too sparse to assess their palaeobiogeographical
a⁄nities, with only a few assemblages described
from sections of the ‘Arenig^Llanvirn’ (Playford
and Martin, 1984; Playford and Wicander, 1988).
These authors did describe the total assemblages
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from two areas, but in contrast to areas such as
the Yangtze Platform, the complete picture of
Australian Ordovician acritarch assemblages,
with full descriptions of assemblages from a wider
range of palaeoenvironments and all stratigraph-
ical intervals, is not yet known. Playford et al.
(1995) indicated that the species Peteinosphaeridi-
um? furcatum was only known from Western Aus-
tralia. Future studies are needed to clarify if the
‘endemic’ taxa of the ‘Australia province’ (Play-
ford et al., 1995; Tongiorgi et al., 1995) are really
limited to the Australian part of the Gondwana
continent. Investigations of Arenig acritarchs of
Laurentia and Siberia, that remain absent so far,
could indicate the presence of ‘Australian’ acri-
tarchs in coeval sequences from other areas at
low latitudes.

5.6. South America: western Gondwana

Rubinstein and Toro (2001) reviewed papers
published on South American acritarchs. Most
concern the Early to Middle Ordovician of the
Eastern Cordillera, northwestern Argentina, for
which Playford et al. (1995) created the ‘South
America’ subprovince. Other areas of South
America have also been investigated, including
Brazil (Padilha de Quadros, 1988), Colombia
(The¤ry et al., 1986), and Bolivia (Gagnier et al.,
1996).
Following an initial investigation by Bultynck

and Martin (1982) on the Ordovician acritarchs of
the Eastern Cordillera, Ottone et al. (1992, 1995)
con¢rmed the presence of distinctive elements of
the peri-Gondwanan province. Rubinstein and
Toro (2001) noted that the acritarch assemblages
of the Argentinian Precordillera appear to indi-
cate a temperate palaeolatitudinal location, near
the boundary of the cold-water peri-Gondwana
realm, while graptolite a⁄nities are with faunas
from intermediate latitudes. To some extent, the
assemblages can be compared with the southern
Chinese material. They are clearly peri-Gond-
wanan because the taxa Arbusculidium ¢lamento-
sum, Coryphidium, and Striatotheca are present.
However, elements from lower latitudes, indicat-
ing possibly warmer water, such as Rhopalio-
phora, may also be found in these areas. Future

investigations should aim to reach a better under-
standing between assemblages from Gondwanan
Argentina and the Precordillera microterrane,
which is thought to have rifted away from Lau-
rentia in the Early Ordovician (see Benedetto,
1998).

5.7. Avalonia, ‘Armorica’, ‘Perunica’ and southern
peri-Gondwana

Most Ordovician acritarch studies have been
based on material from western and southern Eu-
rope, North Africa and the Middle East. More
than 50 papers concern the British Isles (which
apart from Scotland and northern Ireland com-
prised part of Avalonia), more than 40 articles
deal with the French Ordovician, followed by
more than 30 articles on Bohemia (the microcon-
tinent ‘Perunica’), and more than 20 articles of
Belgium and Germany respectively. The investiga-
tions of French oil companies since the late 1950s
in North Africa mean that this latter area is also
fairly well investigated with numerous papers
from Morocco, Algeria, Tunisia, and Lybia. Ad-
ditional data have been published from Egypt,
Jordan, Saudi Arabia, Iran and Pakistan (Servais,
1998).
All these areas yield typical peri-Gondwanan

assemblages throughout most of the Arenig and
have been included in the ‘Mediterranean prov-
ince’ since the early 1970s. Nevertheless, local dif-
ferences in the composition of the assemblages are
common. Such di¡erences probably relate to dif-
ferent local environmental conditions, and it ap-
pears di⁄cult to separate the Arenig assemblages
of the di¡erent microterranes in order to distin-
guish between assemblages from Avalonia, ‘Pe-
runica’ or ‘Armorica’.

6. New plots

6.1. The ‘Tremadocian^Arenig’ boundary

Acritarchs from the Tremadocian^Arenig
boundary of peri-Gondwana comprise the distinc-
tive messaoudensis^tri¢dum assemblage, which has
a wide distribution (Vanguestaine and Servais,
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2002) and enables biostratigraphical correlation
between localities in England, Wales, southern
Ireland, Belgium, Germany, Spain, Bohemia and
Turkey (Martin, 1996; Servais and Mette, 2000).
Some of the elements of this distinctive assem-
blage are also found in southern Baltica (Raev-
skaya, 1999), China (Brocke, 1997) and Argentina
(Rubinstein et al., 1999). Plotting the messaouden-
sis^tri¢dum assemblage on a recent palaeogeo-
graphical reconstruction for the late Tremado-
cian^early Arenig (Fig. 1) indicates that the
assemblage is geographically restricted to the bor-
der of peri-Gondwana in high latitudes. Most lo-
calities bearing the assemblage are located around
the South Pole (s 60‡S), but the distribution also
extends slightly northwestwards on the peri-
Gondwanan margin to latitudes between 60 and
30‡S.
Coeval low-latitude assemblages contain Ary-

ballomorpha, Athabascaella and Lua (Volkova,
1997). Li and Servais (2002) plotted the distribu-
tion of these genera on the reconstruction by Li
and Powell (2001), and showed that they were

restricted to areas of Laurentia (Texas, USA,
and Alberta, Canada), North and South China
(not visible on the reconstruction of Fig. 1) and
Baltica. According to the reconstruction presented
in Fig. 1, all of these localities were located at low
latitudes, but also extended to higher latitudes up
to around 60‡S.

6.2. The ‘Arenigian’

Localities bearing the distinctive elements of
the Arenig peri-Gondwanan assemblage, namely
Arbusculidium ¢lamentosum, Coryphidium and
Striatotheca, are plotted (Fig. 2) on a palaeogeo-
graphical reconstruction based on the recently
published map of Cocks (2001). The peri-Gond-
wanan acritarch assemblage on this map shows
almost exactly the same distribution as that of
the Calymenacean^Dalmanitacean trilobite fauna
of Cocks (2001). Both the trilobite fauna and the
peri-Gondwanan acritarchs are distributed
around the southern margin of the Gondwana
continent. The geographical range of the peri-

 

 

Fig. 1. Tilted Early Ordovician (Tremadocian^Arenig) palaeogeographical reconstruction of Popov (in Bassett et al., in press) il-
lustrating the distribution of the messaoudensis^tri¢dum acritarch assemblage (black dots). Micro£oral data available from Van-
guestaine and Servais (in press). L, Laurentia; S, Siberia; B, Baltica; G, Gondwana; Av, Avalonia; A, Armorica; P, Perunica.
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Gondwanan acritarch assemblage starts in eastern
Gondwana (Argentina, Brazil), extends to Avalo-
nia and areas located around the South Pole, in-
cluding North Africa and southern Europe (i.e.

on the border of Gondwana and the related ter-
ranes of Iberia, Armorica, Perunica), and then to
Turkey, Saudi Arabia, Jordan, Iran and Pakistan.
It reaches intermediate latitudes in southern Chi-

Fig. 2. Slightly tilted Early to Middle Ordovician (Arenig) palaeogeographical reconstruction of Cocks (2001) illustrating the dis-
tribution of the peri-Gondwana acritarch assemblage de¢ned on the occurrence of the taxa Arbusculidium ¢lamentosum, Coryphi-
dium and Striatotheca (black dots). Micro£oral data available from Servais (1997), Fatka and Brocke (1999) and Li and Servais
(2002). L, Laurentia; S, Siberia; B, Baltica; G, Gondwana; Av, Avalonia.
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na. Thus, the distinctive peri-Gondwanan ele-
ments, A. ¢lamentosum, Coryphidium and Striato-
theca, cross lines of latitude to range from high
southern latitudes to lower latitudes.
The Arenig reconstruction in Fig. 2 also shows

the palaeogeographical distribution of the conti-
nents of Baltica, at intermediate latitudes, and
Laurentia and Siberia continents in equatorial po-
sitions. As noted above, the distinctive elements
of peri-Gondwana have never been recorded from
these areas.

6.3. The ‘Arenigian^Llanvirnian’ boundary

The reconstruction in Fig. 3 illustrates the po-
sition of the Ordovician palaeocontinents at the
Arenig^Llanvirn boundary. The Avalonian micro-
continent was located in the Tornquist’s Sea be-
tween Gondwana and Baltica, while the terranes
of Armorica and Perunica were considered to be
still on the periphery of Gondwana. The acritarch
genus Frankea ¢rst appeared in the late Arenig
and had its widest distribution during the Llan-
virn (Servais, 1993). When plotted (Fig. 3), the
occurrence of this genus is limited to localities

on the peri-Gondwanan border and to terranes
that are considered to have rifted away from
Gondwana, i.e., Avalonia, ‘Armorica’ and ‘Peru-
nica’. Its distribution is restricted to localities at
high and intermediate latitudes (s 30‡S), but the
genus has never been reported from Baltica,
although this plate was located at similar latitudes
(between 30 and 60‡S) and many sections from
this continent have been investigated in great de-
tail. So far the genus has not been recorded from
southern China. The distribution of Frankea de-
picted here (Fig. 3) extends that shown by Col-
bath (1990), in which known occurrences of
Frankea were restricted to areas at approximately
60‡S palaeolatitude or higher.

7. Discussion

7.1. The evolution of acritarch palaeobiogeography
through the Palaeozoic

Although this paper is focused on Ordovician
acritarch palaeobiogeography, it is useful to com-
pare the distributional models presented for dif-

 

Fig. 3. Tilted Middle Ordovician (Llanvirn) palaeogeographical reconstruction of Popov (unpublished) illustrating the distribution
of the acritarch genus Frankea (black dots). Micro£oral data available from Servais (1993) and Servais (unpublished). L, Lauren-
tia; S, Siberia; B, Baltica; G, Gondwana; Av, Avalonia; A, Armorica; P, Perunica; SC, South China.
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ferent times in the Ordovician with those in other
Palaeozoic systems.
Palaeobiogeographical models for Cambrian

acritarchs are almost absent. Nevertheless, Mod-
czydlowska (1998) indicated that taxonomically
comparable acritarch assemblages of Cambrian
age are found in shelf basins of the Gondwanan
margin ranging from low latitudes in the northern
hemisphere (Australia, South China) to southern
European and North African areas, located at
intermediate to high latitudes. The same assem-
blages were also recorded from the southern mar-
gin of Siberia and the northern margin of Baltica,
facing each other, as well as around the Lauren-
tian continental margin. Vanguestaine (1991)
plotted localities from which Early and Middle
Cambrian have been described on a map that
was based on the reconstruction of Erdtmann
(1982). Vanguestaine (1991) noted that all these
localities provided assemblages that show similar-
ities with the material he described from Belgium.
Hence there is no pronounced ‘provincialism’ re-
ported for Cambrian assemblages. Volkova (1995,
1997) considered that ‘provincialism’ only arose at
the Cambrian^Ordovician boundary.
As discussed here, the Arenig^Llanvirn was a

time when di¡erences between acritarch assem-
blages from di¡erent geographical areas were
most pronounced. The same distinction has also
been observed for many other fossil groups. This
pronounced provincialism was probably due to a
maximum separation of the continents at that
time, as shown in the most recent palaeogeo-
graphical reconstructions (Cocks, 2001; Li and
Powell, 2001; Scotese et al., 2001). As noted
above, the data set remains too poor to comment
de¢nitively on palaeobiographical di¡erences in
the Late Ordovician (see Wicander et al., 1999).
Later in the Palaeozoic, distinct, geographically

restricted assemblages have been reported from
both the Silurian and the Devonian. Le He¤risse¤
and Gourvennec (1995) reviewed the data pub-
lished on the Silurian, and argued that the acri-
tarch Dactylofusa maranhensis was limited to in-
termediate and high latitudes on the Gondwanan
border during the late Llandovery to Wenlock,
whereas the Estiastra^Hoegklintia^Pulvinosphaeri-
dium association was restricted to low latitudes,

ranging from about 30‡S to about 20‡N. Di¡er-
entiation of palaeobiogeographical areas in the
mid-Silurian was thus similar to that in the Are-
nigian. On the other hand, Le He¤risse¤ and Gour-
vennec (1995) noted that the distribution of
Deun⁄a and Domasia, both considered to be ‘pe-
lagic’ species, was apparently controlled by pa-
rameters that were not directly related to palaeo-
latitude.
Le He¤risse¤ et al. (1997) plotted Devonian as-

semblages on recent palaeogeographical recon-
structions, and concluded that a geographical re-
striction of several acritarch genera and species
could be observed for the Early Devonian. In
particular, they reported pronounced di¡erences
between North Gondwanan and eastern North
American micro£oras. Later in the Devonian,
the acritarch micro£oras became more similar, in-
dicating that the provinciality probably decreased
(Le He¤risse¤ et al., 1997, 2000).

7.2. Comparison with the Ordovician distribution
of the chitinozoans

Like acritarchs, the chitinozoans are considered
to be a group of planktonic organic-walled micro-
fossils. Achab (1988) summarised palaeobiogeo-
graphical information, and indicated that Ordovi-
cian chitinozoans from Que¤bec, Canada, belonged
to an assemblage that was restricted to low pa-
laeolatitudes. She also plotted the distribution of
selected chitinozoan species on palaeogeographi-
cal reconstructions for the Early, Middle and Late
Ordovician, and showed that some taxa were lim-
ited to a given palaeolatitude while others were
more widely distributed across latitudes. In a sub-
sequent paper, Achab (1991) noted that a biogeo-
graphical di¡erentiation could be made between
high-latitude chitinozoan assemblages, present in
North Africa, southwest Europe, Great Britain
and Bohemia, and low-latitude assemblages re-
covered from eastern Canada, Australia, Spitsber-
gen and the United States. According to Achab
(1991) the Baltic region provided faunas that ap-
pear to have occupied an intermediate position.
Paris (1991) presented a similar model and also
discussed the possible in£uence of water mass cur-
rents. The geographical distribution pattern of
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Ordovician chitinozoans, also discussed by Ouleb-
sir and Paris (1995), thus parallels the distribution
of Ordovician acritarchs.
Achab et al. (1992) and Paris et al. (1995) noted

that a similar distribution pattern was also ob-
served for the Silurian. While some chitinozoan
taxa were cosmopolitan, and thus of limited pa-
laeogeographical importance, other taxa were lim-
ited to the Gondwanan border, and others to the
Baltica continent, on either side of the Rheic
Ocean which separated these two continents.

8. Conclusions

Investigation of Ordovician acritarch biogeog-
raphy is still at an early stage, compared to study
of the biogeography of other Ordovician fossil
groups. In particular, the present review shows
gaps in knowledge for the Ordovician of Lauren-
tia and Australia, and indicates that there is al-
most no information on Ordovician acritarchs
from Siberia and Kazakhstan. Study of acritarch
assemblages from these areas is needed in order to
document and understand the palaeobiogeo-
graphical distribution patterns of Ordovician ac-
ritarchs.
Nevertheless, a number of preliminary conclu-

sions can be drawn. There was apparently little
biogeographical di¡erentiation of acritarch assem-
blages during the Cambrian, but the situation
changed at about the Cambrian^Ordovician
boundary. The maximum separation of the con-
tinents during the Arenig, re£ected by a pro-
nounced ‘provincialism’ of most Ordovician fossil
groups, was probably also responsible for the de-
velopment of geographically distinct acritarch as-
semblages. A peri-Gondwana acritarch assem-
blage with the easily recognisable acritarch taxa
Arbusculidium ¢lamentosum, Coryphidium and
Striatotheca is present on the southern margin
of Gondwana, and its distribution corresponds
almost exactly with that of the Calymenacean^
Dalmanitacean trilobite fauna (Cocks, 2001). A
warm-water assemblage with the acritarch genera
Aryballomorpha, Athabascaella and Lua, but with-
out diacrodians seems to be limited to localities at
low to intermediate latitudes, including Laurentia,

North China and Baltica. The data set remains
too poor to make statements bout the palaeobio-
geography of the marine organic-walled micro-
phytoplankton in the late Middle Ordovician
and the Late Ordovician.
The biogeographical distribution of Ordovician

acritarchs appears similar to that of the resting
cysts of modern dino£agellates, controlled by lat-
itude but also following the continental margins.

Acknowledgements

We are grateful to a number of colleagues for
valuable discussion: A. Blieck (Lille), R. Brocke
(Frankfurt/Main), Chen Xu (Nanjing), O. Fatka
(Prague), A. Le He¤risse¤ (Brest), F. Paris (Rennes),
and Zhou Zhiyi (Nanjing). We thank L. Popov
(Cardi¡) for allowing us to use his palaeogeo-
graphical reconstructions. C. Cro“nier (Lille) and
Yan Kui (Nanjing) provided technical assistance
for the drawing of the ¢gures. We are particularly
grateful to R. Wicander (Mt. Pleasant, Michigan)
and M. Vanguestaine (Lie'ge) for reviewing the
manuscript and for valuable comments that im-
proved the paper. This paper is a contribution to
the French^Chinese CNRS-Academia Sinica
PICS project and bene¢ted from the ¢nancial sup-
port of the National Natural Science Foundation
of China (NSFC project no. 49972007), the Major
State Basic Research Development of China
(MSTC-G2000077700), and the Chinese Academy
of Sciences (CAS-KZCX2-116 and CAS-KZCX2-
SW-130). J.L. acknowledges the University of Sci-
ences and Technologies of Lille (USTL) for a po-
sition as invited professor. E.R. bene¢ted from a
post-doctoral position at the USTL. S.M. pub-
lishes by permission of the Director of the BGS
(NERC). This is a contribution to the IGCP proj-
ect no. 410 ‘The Great Ordovician Biodiversi¢ca-
tion Event’.

References

Achab, A., 1988. Mise en e¤vidence d’un provincialisme chez les
chitinozoaires ordoviciens. Can. J. Earth Sci. 25, 635^
638.

PALAEO 3077 9-5-03

T. Servais et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 195 (2003) 149^172 167



Achab, A., 1991. Biogeography of Ordovician chitinozoa. In:
Barnes, C.R., Williams, S.H. (Eds.), Advances in Ordovician
Geology. Geol. Surv. Canada, Paper 90 (9), pp. 135^142.
Achab, A., Betrand, R., Van Grootel, G., 1992. Chitinozoan
contribution to the Ordovician and Lower Silurian Paleo-
biogeography. J. Geol. 100, 621^629.
Albani, R., 1989. Ordovician (Arenigian) acritarchs from the
Solanas Sandstone Formation, Central Sardinia, Italy. Boll.
Soc. Paleontol. Ital. 28, 3^37.
An, T.X., 1987. The early Paleozoic conodonts of South Chi-
na. Beijing University Press, Beijing, 238 pp. (in Chinese).
Bagnoli, G., Ribecai, C., 2001. On the biostratigraphic signi¢-
cance of the Ordovician acritarch genus Liliosphaeridium on
Oº land, Sweden. Rev. Palaeobot. Palynol. 117, 195^215.
Barker, G.W., Miller, M.A., 1989. Tremadocian (Lower Ordo-
vician) acritarchs from the subsurface of West Texas. Paly-
nology 14, 209.
Bassett, M.G., Popov, L.E., Holmer, L.E., in press. Brachio-
pods: Cambrian^Tremadoc precursors to Ordovician radia-
tion events. In: Crame, J.A., Owen, A.W. (Eds.), Palaeobio-
geography and Diversity Change: the Ordovician and
Mesozoic-Cenozoic Radiations. Geol. Soc. London, Spec.
Publ. 194, 13^23.
Benedetto, J.L., 1998. Early Palaeozoic brachiopods and asso-
ciated shelly faunas from western Gondwana: their bearing
on the geodynamic history of the pre-Andean margins. In:
Pankhurst, R.J., Rapela, C.W. (Eds.), The Proto-Andean
Margins of Gondwana. Geol. Soc. London, Spec. Publ.
142, pp. 57^83.
Bergstro«m, S.M., 1990. Relations between conodont provinci-
alism and the changing palaeogeography during the Early
Palaeozoic. In: McKerrow, W.S., Scotese, C.R. (Eds.), Pa-
laeozoic Palaeogeography and Biogeography. Mem. Geol.
Soc. London 12, pp. 105^122.
Berry, W.B.N., Wilde, P., 1990. Graptolite biogeography: im-
plications for palaeogeography and palaeoceanography. In:
McKerrow, W.S., Scotese, C.R. (Eds.), Palaeozoic Palaeo-
geography and Biogeography. Mem. Geol. Soc. London 12,
pp. 129^138.
Brinkhuis, H., 1994. Late Eocene to Early Oligocene dino£a-
gellate cysts from the Priabonina type-area (northeast Italy):
biostratigraphy and palaeoenvironmental interpretation. Pa-
laeogeogr. Palaeoclimatol. Palaeoecol. 107, 131^163.
Brocke, R., 1997. First results of Tremadoc to Lower Arenig
acritarchs from the Yangtze Platform, southwest China. In:
Fatka, O., Servais, T. (Eds.), Acritarcha in Praha. Acta
Univ. Carolinae Sect. Geol. 40, pp. 337^355.
Brocke, R., Fatka, O., Molyneux, S.G., Servais, T., 1995. First
appearance of selected Early Ordovician acritarch taxa from
peri-Gondwana. In: Cooper, J.D., Droser, M.L., Finney,
S.C. (Eds.), Ordovician Odyssey: Short Papers for the Sev-
enth International Symposium on the Ordovician System.
The Paci¢c Section for Sedimentary Geology (SEPM) 77,
Fullerton, CA, pp. 473^476.
Brocke, R., Fatka, O., Servais, T., 1998. A review of the Or-
dovician acritarchs Aureotesta and Marrocanium. Ann. Soc.
Ge¤ol. Belgique 120, 1^22.

Brocke, R., Li, J., Wang, Y., 2000. Upper Arenigian to Lower
Llanvirnian acritarch assemblages from South China: a pre-
liminary evaluation. Rev. Palaeobot. Palynol. 113, 27^40.
Bultynck, P., Martin, F., 1982. Conodontes et acritarches de
l’Ordovicien Infe¤rieur de la partie septentrional de la Cor-
dille're Argentine. Bull. Inst. R. Soc. Nat. Belgique Sci. Terre
53, 1^21.
Christiansen, J.L., Stouge, S., 1999. Oceanic circulation as an
element in palaeogeographical reconstructions: the Arenig
(early Ordovician) as an example. Terra Nova 11, 73^78.
Cocks, L.R.M., 2001. Ordovician and Silurian global geogra-
phy. J. Geol. Soc. London 158, 197^210.
Cocks, L.R.M., Fortey, R., 1998. The Lower Palaeozoic mar-
gins of Baltica. Geol. Fo«ren. Fo«rh. (GFF) 120, 173^179.
Colbath, G.K., 1980. Abundance £uctuations in Upper Ordo-
vician organic-walled microplankton from Indiana. Micro-
paleontology 26, 97^102.
Colbath, G.K., 1990. Palaeobiogeography of Middle Palaeo-
zoic organic-walled phytoplankton. In: McKerrow, W.S.,
Scotese, C.R. (Eds.), Palaeozoic Palaeogeography and Bio-
geography. Mem. Geol. Soc. London 12, pp. 207^213.
Colbath, G.K., Grenfell, H.R., 1995. Review of biological af-
¢nities of Paleozoic acid-resistant, organic-walled eukaryotic
algal microfossils (including ‘acritarchs’). Rev. Palaeobot.
Palynol. 86, 287^314.
Cooper, A.H., Molyneux, S.G., 1990. The age and correlation
of Skiddaw Group (early Ordovician) sediments in the Cross
Fell inlier (northern England). Geol. Mag. 127, 147^157.
Cramer, F.H., 1968. Silurian palynologic microfossils and pa-
leolatitudes. N. Jahrb. Geol. Pala«ont. Monogr. 10, 591^597.
Cramer, F.H., D|¤ez, M., 1972. Lower Palaeozoic palynomorph
provinces and paleoclimate. In: Published Abstracts of the
S.E.P.M.-A.A.P.G. Meeting, Denver, CO, April 1972,
p. 611.
Cramer, F.H., D|¤ez, M., 1974. Early Paleozoic palynomorph
provinces and paleoclimate. In: Ross, C.A. (Ed.), Paleogeo-
graphic Provinces and Provinciality. S.E.P.M. Spec. Publ.
21, pp. 177^188.
Cramer, F.H., D|¤ez, M., 1976. Seven new late Arenigian spe-
cies of the Acritarch Genus Coryphidium. Pala«ontol. Z. 50,
201^208.
Cramer, F.H., D|¤ez, M., 1977. Lower Paleozoic phytoplancton
from North Africa and adjacent regions. General survey.
Ann. Mines Ge¤ol. 28, 21^34.
Dale, B., 1983. Dino£agellate resting cysts: benthic plankton.
In: Fryxell, G.A. (Ed.), Survival Strategies of the Algae.
Cambridge University Press, Cambridge, pp. 69^136.
Dale, B., 1996. Dino£agellate cyst ecology: modeling and geo-
logical applications. In: Jansonius, J., McGregor, D.C.
(Eds.), Palynology: Principles and Applications. American
Association of Stratigraphic Palynologists Foundation vol.
3, pp. 1249^1275.
Dalla-Salda, L.H., Cingolani, C., Varela, R., 1992. Early Pa-
leozoic orogenic belt of the Andes in southwestern South
America. Result of Laurentia^Gondwana collision? Geology
20, 617^620.
Dalziel, I.W.D., 1997. Overview: Neoproterozoic^Paleozoic

PALAEO 3077 9-5-03

T. Servais et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 195 (2003) 149^172168



geography and tectonics: review, hypothesis, environmental
speculation. Geol. Soc. Am. Bull. 109, 16^42.
Dalziel, I.W.D., Dalla-Salda, L.H., Gahagan, L.M., 1994. Pa-
leozoic Laurentia^Gondwana interaction and the origin of
the Appalachian-mountain system. Geol. Soc. Am. Bull.
106, 243^252.
Dean, W.T., Martin, F., 1982. The sequence of trilobite faunas
and acritarch micro£oras at the Cambrian^Ordovician
boundary, Wilcox Pass, Alberta, Canada. In: Bassett,
M.G., Dean, W.T. (Eds.), The Cambrian^Ordovician
Boundary: Sections, Fossil Distributions, and Correlations.
Geological Series 3. National Museum of Wales, Cardi¡, pp.
131^140.
Dean, W.T., Martin, F., 1992. Ordovician biostratigraphic
correlation in southern Turkey. In: Webby, B.D., Laurie,
J.R. (Eds.), Global Perspectives on Ordovician Geology.
Balkema, Rotterdam, pp. 195^203.
Dorning, K.J., 1981. Silurian acritarch distribution in the Lud-
lowian shelf sea of South Wales and the Welsh Borderland.
In: Neale, J.W., Brasier, M.D. (Eds.), Microfossils from
Recent and Fossil Shelf Seas. Ellis Horwood, Chichester,
pp. 31^36.
Eiserhardt, K.H., 1992. Die Acritarcha des Oejlemyr£intes.
Palaeontogr. Abt. B 226, 1^132.
Ellegaard, M., 2000. Variations in dino£agellate cyst morphol-
ogy under conditions of changing salinity during the last
2000 years in the Limfjord, Denmark. Rev. Palaeobot. Paly-
nol. 109, 65^81.
Erdtmann, B.D., 1982. Palaeobiogeography and environments
of planktonic dictyonemid graptolites during the earliest Or-
dovician. In: Bassett, M.G., Dean, W.T. (Eds.), The Cam-
brian^Ordovician Boundary: Sections, Fossil Distributions,
and Correlations. Geological Series 3. National Museum of
Wales, Cardi¡, pp. 9^27.
Erdtmann, B.D., 1986. Early Ordovician eustatic cycles and
their bearing on punctuations in early nematophorid (planc-
tic) graptolite evolution. In: Walliser, O.H. (Ed.), Global
Bio-Events. Lecture Notes in Earth Sciences 8, pp. 139^152.
Erdtmann, B.D., 1991. The postcadomian Early Palaeozoic
tectonostratigraphy of Germany (Attempt at an analytical
review). Ann. Soc. Ge¤ol. Belgique 114, 19^43.
Evitt, W.R., 1963. A discussion and proposals concerning fos-
sil dino£agellates, hystrichospheres and acritarchs. II. Proc.
Natl. Acad. Sci. USA 49, 298^302.
Fatka, O., Brocke, R., 1999. Morphologic variability in two
populations of Arbusculidium ¢lamentosum (Vavrdova¤ 1965)
Vavrdova¤ 1972. Palynology 23, 153^180.
Finney, S.C., Xu, C., 1990. The relationship of Ordovician
graptolite provincialism to palaeogeography. In: McKer-
row, W.S., Scotese, C.R. (Eds.), Palaeozoic Palaeogeogra-
phy and Biogeography. Mem. Geol. Soc. London 12, pp.
123^128.
Fortey, R.A., Mellish, C.J.T., 1992. Are some fossils better
than others for inferring palaeogeography? The early Ordo-
vician of the North Atlantic region as an example. Terra
Nova 4, 210^216.
Gagnier, P.Y., Blieck, A., Emig, C.C., Sempere, T., Vachard,

D., Vanguestaine, M., 1996. New paleontological and geo-
logical data on the Ordovician and Silurian of Bolivia.
J. South Am. Earth Sci. 9, 329^347.
Ghavidel-Syooki, M., 1997. Acritarch biostratigraphy of the
Palaeozoic rock units in the Zagros Basin, Southern Iran.
In: Fatka, O., Servais, T. (Eds.), Acritarcha in Praha. Acta
Univ. Carolinae Sect. Geol. 40, pp. 385^411.
Ghavidel-Syooki, M., 2001. Palynostratigraphy and paleobio-
geography of the Lower Paleozoic sequence in the northeast-
ern Alborz Range (Koret-Dagh Region) of Iran. In: Good-
man, D.K., Clarke, R.T. (Eds.), Proceedings of the IX
International Palynological Congress, Houston, TX, 1996.
American Association of Stratigraphic Palynologists Foun-
dation, pp. 17^35.
Golonka, J., Ross, M.I., Scotese, C.R., 1994. Phanerozoic pa-
leogeographic and paleoclimatic modeling maps. Pangea
Global Environments and Resources. Can. Soc. Pet. Geol.
Mem. 17, 1^47.
Gueinn, K.J., Rasul, S.M., 1986. A contribution to the bio-
stratigraphy of the Palaeozoic of the Western Desert, utilis-
ing new palynological data from the subsurface. In: Ab-
stracts 8th E.G.P.C. Petroleum Conference, Cairo.
Hallett, R., Lewis, J., 2001. Salinity, dino£agellate cyst growth
and cell biochemistry. In: Abstracts 34th Annual Meeting of
the American Association of Stratigraphic Palynologists.
Head, M.J., Wrenn, J.H. (Eds.), 1992. Neogene and Quater-
nary dino£agellate cysts and acritarchs. American Associa-
tion of Stratigraphic Palynologists Foundation, 438 pp.
Hill, P.J., Molyneux, S.G., 1988. Biostratigraphy, palynofacies
and provincialism of Late Ordovician^Early Silurian acri-
tarchs from northeast Libya. In: El-Arnauti, A., Owens,
B., Thusu, B. (Eds.), Subsurface Palynostratigraphy of
Northeast Libya, pp. 27^43.
Jacobson, S.R., 1979. Acritarchs as paleoenvironmental indi-
cators in Middle and Upper Ordovican rocks from Ken-
tucky, Ohio and New York. J. Paleontol. 53, 1197^1212.
Keegan, J.B., Rasul, S.M., Shaheen, Y., 1990. Palynostratig-
raphy of the Lower Palaeozoic, Cambrian to Silurian, sedi-
ments of the Hashemite Kingdom of Jordan. Rev. Palaeo-
bot. Palynol. 66, 167^180.
Kokinos, J.P., Anderson, D.M., 1995. Morphological develop-
ment of resting cysts in cultures of the marine dino£agellate
Lingulodinium polyedrum ( =L. machaerophorum). Palynol-
ogy 19, 143^166.
Le He¤risse¤, A., 1989. Acritarches et kystes d’algues Prasino-
phyce¤es du Silurien de Gotland. Sue'de. Palaeontogr. Ital. 76,
57^302.
Le He¤risse¤, A., Gourvennec, R., 1995. Biogeography of upper
Llandovery and Wenlock acritarchs. Rev. Palaeobot. Paly-
nol. 86, 111^133.
Le He¤risse¤, A., Gourvennec, R., Wicander, R., 1997. Biogeog-
raphy of Late Silurian and Devonian acritarchs and prasi-
nophytes. Rev. Palaeobot. Palynol. 98, 105^124.
Le He¤risse¤, A., Servais, T., Wicander, R., 2000. Devonian
acritarchs and related forms. Cour. Forsch.-Inst. Senckenb.
220, 195^205.
Li, J., 1987. Ordovician acritarchs from the Meitan Formation

PALAEO 3077 9-5-03

T. Servais et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 195 (2003) 149^172 169



of Guizhou Province, south-west China. Palaeontology 30,
613^634.
Li, J., 1989. Early Ordovician Mediterranean province acri-
tarchs from Upper Yangtze Region, China. In: Sun, S.
(Ed.), Developments in Geoscience: Contribution to the
28th Geological Congress 1989, Washington, DC. Science
Press, Beijing, pp. 231^234.
Li, J., 1991. The Early Ordovician acritarchs from Southwest
China. Ph.D. Thesis, Nanjing Institute of Geology and Pa-
laeontology, Academia Sinica, Nanjing (in Chinese, with
English Abstract).
Li, J., 1995. Ordovician (Caradoc) acritarchs from Qilang For-
maton of Kalpin, Xinjiang, China (in Chinese, with English
Abstract). Acta Palaeontol. Sin. 34, 454^467.
Li, J., Servais, T., 2002. Ordovician acritarchs of China and
their utility for global palaeobiogeography. Bull. Soc. Ge¤ol.
France 173, 399^406.
Li, J., Wang, Q.F., Song, Q.Y., Gao, J.Z., 2001. New data on
the Ordovician acritarchs from North China. J. Stratigr. 25,
377^382.
Li, J., Brocke, R., Servais, T., 2002a. The acritarchs of the
South Chinese Azygograptus suecicus graptolite Biozone
and their bearing on the de¢nition of the Lower^Middle
Ordovician boundary. C. R. Palevol. 1, 75^81.
Li, J., Servais, T., Brocke, R., 2002b. Chinese Palaeozoic ac-
ritarch research: review and perspectives. Rev. Palaeobot.
Palynol. 118, 181^193.
Li, Z.X., 1998. Tectonic history of the Major East Asian lith-
ospheric blocks since the Mid-Proterozoic ^ A Synthesis.
Mantle dynamics and plate interactions in East Asia. Geo-
dyn. Ser. 27, 221^243.
Li, Z.X., Powell, C.McA., 2001. An outline of the paleogeo-
graphic evolution of the Australasian region since the begin-
ning of the Neoproterozoic. Earth Sci. Rev. 53, 237^277.
Loeblich, A.R., Tappan, H., 1978. Some middle and late Or-
dovician microphytoplankton from Central North America.
J. Paleontol. 52, 1233^1278.
Martin, F., 1982. Some aspects of late Cambrian and early
Ordovician acritarchs. In: Bassett, M.G., Dean, W.T.
(Eds.), The Cambrian^Ordovician Boundary: Sections, Fos-
sil Distributions, and Correlations. Geological Series 3. Na-
tional Museum of Wales, Cardi¡, pp. 29^40.
Martin, F., 1983. Chitinozoaires et acritarches ordoviciens de
la plate-forme du Saint-Laurent (Que¤bec et Sud-Est de l’On-
tario). Geol. Surv. Canada Bull. 310, 1^59.
Martin, F., 1984. New Ordovician (Tremadoc) acritarch taxa
from the middle member of the Survey Peak Formation at
Wilcox Pass, Southern Canadian Rocky Mountains, Alber-
ta. Current Research, Part A, Geol. Surv. Canada, Paper 84-
1A, pp. 441^448.
Martin, F., 1992. Uppermost Cambrian and Lower Ordovician
acritarchs and Lower Ordovician chitinozoans from Wilcock
Pass, Alberta. Geol. Surv. Canada Bull. 420, 1^57.
Martin, F., 1993. Acritarchs: A review. Biol. Rev. 68, 475^538.
Martin, F., 1996. Recognition of the acritarch-based ‘tri¢dum
£ora’ (Ordovician) in the absence of the eponymous species.
Bull. Inst. R. Sci. Nat. Belgique Sci. Terre 66, 5^13.

Martin, F., Dean, W.T., 1988. Middle and Upper Cambrian
acritarch and trilobite zonation at Manuels River and Ran-
dom Island, eastern Newfoundland. Geol. Surv. Canada
Bull. 381, 1^99.
Martin, F., Yin, L.M., 1988. Early Ordovician acritarchs from
Southern Jilin Province, North-East China. Palaeontology
31, 109^127.
Matthiessen, J., 1995. Distribution patterns of dino£agellate
cysts and other organic-walled microfossils in recent Norwe-
gian^Greenland Sea sediments. Mar. Micropaleontol. 24,
307^334.
Modczydlowska, M., 1998. Cambrian acritarchs from Upper
Silesia, Poland ^ biochronology and tectonic implications.
Fossils Strata 46, 1^121.
Molyneux, S.G., Le He¤risse¤, A., Wicander, R., 1996. Paleozoic
phytoplankton. In: Jansonius, J., McGregor, D.C. (Eds.),
Palynology: Principles and Applications. American Associ-
ation of Stratigraphic Palynologists Foundation vol. 2, pp.
493^530.
Moskalenko, T.A., 1984. Ordovik Sibirskai platformy. Paleon-
tologicheskii Atlas. Akademiya Nauk SSSR. Trudy IGIG,
Vyp. 590. Nauka, Novosibirsk, 240 pp. (in Russian).
Mudie, P.J., 1992. Circum-arctic Quaternary and Neogene ma-
rine palyno£oras: paleoecology and statistical analyses. In:
Head, M.J., Wrenn, J.H. (Eds.), Neogene and Quaternary
Dino£agellate Cysts and Acritarchs. American Association
of Stratigraphic Palynologists Foundation, pp. 347^390.
Mudie, P.J., Harland, R., 1996. Aquatic Quaternary. In: Jan-
sonius, J., McGregor, D.C. (Eds.), Palynology: Principles
and Applications. American Association of Stratigraphic
Palynologists Foundation vol. 2, pp. 843^877.
Ottone, E.G., Toro, B.A., Waisfeld, B.G., 1992. Lower Ordo-
vician palynomorphs from the Acoite Formation, north-
western Argentina. Palynology 16, 93^116.
Ottone, E.G., Waisfeld, B.G., Astini, R.A., 1995. Acritarcos
del Ordovicico temprano de la quebrada de Chalala, nor-
oeste de Argentina. Ameghiniana 32, 237^242.
Oulebsir, L., Paris, F., 1995. Chitinozoaires ordoviciens du
Sahara alge¤rien: biostratigraphie et a⁄nite¤s pale¤oge¤ogra-
phiques. Rev. Palaeobot. Palynol. 86, 49^68.
Padilha de Quadros, L., 1988. Zoneamento bioestratigra¢co
do Paleozoico inferior e medio (Secao Marinha) da Bacia
do Solimoes. Bol. Geoci. Petrobras 2, 95^109.
Paris, F., 1991. Conceptions actuelles sur la pale¤oge¤ographie
ordovicienne. Ge¤ochronique 40, 20.
Paris, F., Robardet, M., 1990. Early Palaeozoic palaeogeogra-
phy of the Variscan regions. Tectonophysics 177, 193^213.
Paris, F., Verniers, J., Al-Hajri, S., Al-Tayyar, H., 1995. Bio-
stratigraphy and palaeogeographic a⁄nities of Early Siluri-
an chitinozoans from central Saudi Arabia. Rev. Palaeobot.
Palynol. 89, 75^90.
Parrish, J.T., 1982. Upwelling and petroleum source beds, with
reference to Paleozoic. The A.A.P.G. Bull. 66, 750^774.
Pickering, K.T., Bassett, M.G., Siveter, D.J., 1988. Late Ordo-
vician^early Silurian destruction of the Iapetus Ocean: New-
foundland, British Isles and Scandinavia ^ a discussion.
Trans. R. Soc. Edinburgh Earth Sci. 79, 361^382.

PALAEO 3077 9-5-03

T. Servais et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 195 (2003) 149^172170



Pickering, K.T., Bassett, M.G., Siveter, D.J., 1989. Erratum:
Late Ordivician^early Silurian destruction of the Iapetus
Ocean: Newfoundland, British Isles and Scandinavia ^ a
discussion. Trans. R. Soc. Edinburgh Earth Sci. 80, 69.
Playford, G., Martin, F., 1984. Ordovician acritarchs from the
Canning Basin, Western Australia. Alcheringa 8, 187^223.
Playford, G., Wicander, R., 1988. Acritarch palyno£ora of the
Coolibah Formation (Lower Ordovician), Georgina Basin,
Queensland. Mem. Assoc. Austral. Palaeontol. 5, 5^40.
Playford, G., Ribecai, C., Tongiorgi, M., 1995. Ordovician
acritarch genera Peteinosphaeridium, Liliosphaeridium, and
Cycloposphaeridium : morphology, taxonomy, biostratigra-
phy, and palaeogeographic signi¢cance. Boll. Soc. Paleontol.
Ital. 34, 3^54.
Raevskaya, E.G., 1999. Early Arenig acritarchs from the Leet-
se Formation (St. Petersburg region, northwest Russia) and
their palaeogeographic signi¢cance. Boll. Soc. Paleontol.
Ital. 38, 247^256.
Raevskaya, E.G., Vecoli, M., Bednardczyk, W., Tongiorgi,
M., in press. Early Arenig acritarchs from the East-Euro-
pean Platform (St. Petersburg Region, northwestern Russia,
and Leba area, northwestern Poland) and their palaeobio-
geographic signi¢cance. Lethaia.
Ribecai, C., Tongiorgi, M., 1995. Arenigian acritarchs from
Horns Udde (Oº land, Sweden): a preliminary report. Rev.
Palaeobot. Palynol. 86, 1^11.
Ribecai, C., Tongiorgi, M., 1999. The Ordovician acritarch
genus Pachysphaeridium Burmann 1970: new, revised, and
reassigned species. Palaeontogr. Ital. 86, 113^153.
Ribecai, C., Raevskaya, E.G., Tongiorgi, M., 2002. Sacculidi-
um : a new Ordovician genus with a distinctive pseudo-py-
lome. Rev. Palaeobot. Palynol. 121, 163^203.
Rubinstein, C.V., Toro, B.A., 2001. Review of acritarch bio-
stratigraphy in the Arenig of the Eastern Cordillera, North-
western Argentina: new data and calibration with the grap-
tolite zonation. In: Weiss, R.H. (Ed.), Contributions to
Geology and Palaeontology of Gondwana in Honour of
Helmut Wopfner. Geological Institute of the University, Co-
logne, pp. 421^439.
Rubinstein, C.V., Toro, B.A., Waisfeld, B., 1999. Acritarch
biostratigraphy of the upper Tremadoc-Arenig of the East-
ern Cordillera, northwestern Argentina: relationships with
graptolite and trilobite faunas. Boll. Soc. Paleontol. Ital.
38, 267^286.
Scotese, C.R., 1986. Phanerozoic reconstructions: a new look
at the assembly of Asia. Univ. Texas, Inst. Geophys., Tech.
Rept. 66, 54 pp.
Scotese, C.R., McKerrow, W.S., 1990. Revised world maps
and introduction. In: McKerrow, W.S., Scotese, C.R.
(Eds.), Palaeozoic Palaeogeography and Biogeography.
Mem. Geol. Soc. London 12, pp. 1^21.
Scotese, C.R., McKerrow, W.S., 1991. Ordovician plate tec-
tonic reconstructions In: Barnes, C.R., Williams, S.H.
(Eds.), Advances in Ordovician Geology. Geol. Surv. Can-
ada, Paper 90 (9), pp. 271^282.
Scotese, C.R., Boucot, A.J., Chen, X., Ruan, Y.P., Peng, S.C.,
2001. Reconstructions of the Cambrian to Permian geogra-

phy and climatic belts. In: Chen, X., Ruan, Y.P., Boucot,
A.J. (Eds.), Paleozoic Climatic Evolution of China. Science
Press, Beijing, pp. 127^143 (in Chinese).
Servais, T., 1993. The Ordovician acritarch Frankea. Spec.
Pap. Palaeontol. 48, 79^95.
Servais, T., 1997. The Ordovician Arkonia^Striatotheca acri-
tarch plexus. Rev. Palaeobot. Palynol. 98, 47^79.
Servais, T., 1998. An annotated bibliographical review of Or-
dovician acritarchs. Ann. Soc. Ge¤ol. Belgique 120, 23^72.
Servais, T., Eiserhardt, K.H., 1995. A discussion and pro-
posals concerning the Lower Paleozoic ‘galeate’ acritarch
plexus. Palynology 19, 191^210.
Servais, T., Fatka, O., 1997. Recognition of the Trans-Euro-
pean Suture Zone (TESZ) by the palaeobiogeographical dis-
tribution pattern of early to middle Ordovician acritarchs.
Geol. Mag. 134, 617^625.
Servais, T., Mette, W., 2000. The messaoudensis^tri¢dum acri-
tarch assemblage (Ordovician: late Tremadoc^early Arenig)
of the Barriga Shale Formation, Sierra Morena (SW-Spain).
Rev. Palaeobot. Palynol. 113, 145^163.
Servais, T., Stricanne, L., 2001. Ordovician phytoplankton (ac-
ritarch) diversity. In: IGCP 410 Abstracts, Paleobios, 21 (2)
2nd Supplement, p. 11.
Servais, T., Brocke, R., Fatka, O., 1996. Variability in the
Ordovician acritarch Dicrodiacrodium. Palaeontology 39,
389^405.
Servais, T., Brocke, R., Fatka, O., Le He¤risse¤, A., Molyneux,
S.G., 1997. Value and meaning of the term acritarch. In:
Fatka, O., Servais, T. (Eds.), Acritarcha in Praha. Acta
Univ. Carolinae Sect. Geol. 40, pp. 631^643.
Servais, T., Montenari, M., Stricanne, L., 2001. Acritarchs at
the Cambro^Ordovician boundary: Biostratigraphy or eco-
phenotypism? In: Harper, D.A.T. (Ed.), Abstracts 45th An-
nual Meeting of the Palaeontological Association, p. 25.
Servais, T., Li, J., Stricanne, L., Vecoli, M., Wicander, R., in
press. Acritarchs. In: Webby, B.D., Droser, M.L., Paris, F.,
Percival, I. (Eds.), The Great Ordovician Biodiversi¢cation
Event. Columbia University Press, New York.
Sheshegova, L.I., 1971. Akritarkhi paleozoya. In: Vozzhenni-
kova, T.F. (Ed.), Vodozosli Paleozoya i Mezozoya Sibiri. K
III Mezhdunarodnai Palinologicheskai Konferentsii Novosi-
birsk. Izdatelstvo Nauka, Moskva, pp. 9^35 (in Russian).
Tappan, H., Loeblich, A.R., 1971. Surface sculpture of the
wall in Lower Paleozoic acritarchs. Micropaleontology 17,
385^410.
Taylor, F.J.R., 1987. Ecology of dino£agellates. In: Taylor,
F.J.R. (Ed.), The Biology of Dino£agellates. Botanical
Monographs 21, pp. 399^501.
Timofeev, B.V., 1963. Ordovician and Silurian phytoplankton
of the Siberian Platform. Akad. Nauk SSSR (Dokl. Earth
Sci. Sect.) 149, 399^402. Published English translation dated
1965 in Dokl. Earth Sci. Sect. Am. Geol. Inst. 149, 45^48 (in
Russian).
The¤ry, J.M., Pe¤niguel, G., Haye, G., 1986. Descubrimiento de
Acritarcos del Arenigiano cerca a Araracuara (Caqueta¤, Co-
lombia). Ensayo de reinterpretatio¤n de esta regio¤n de la
Saliente del Vaupe¤s. Geol. Norandina 9, 3^17.

PALAEO 3077 9-5-03

T. Servais et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 195 (2003) 149^172 171



Tongiorgi, M., Di Milia, A., 1999. Di¡erentiation and spread
of the Baltic Acritarch Province (Arenig-Llanvirn). Boll.
Soc. Paleontol. Ital. 38, 297^312.
Tongiorgi, M., Di Milia, A., Lefort, P., Gaetani, M., 1994.
Palynological dating (Arenig) of the sedimentary sequence
overlying the Ishkarwaz Granite (upper Yarkhun valley,
Chitral, Pakistan). Terra Nova 6, 595^607.
Tongiorgi, M., Yin, L.M., Di Milia, A., 1995. Arenigian acri-
tarchs from the Daping section (Yangtze Gorges area, Hu-
bei Province, Southern China) and their palaeogeographic
signi¢cance. Rev. Palaeobot. Palynol. 86, 13^48.
Tongiorgi, M., Yin, L.M., Di Milia, A., Ribecai, C., 1998.
Changing paleogeographical a⁄nities of the acritarch assem-
blages throughout the Dawan Formation (Arenig, Yichang
Area, South China). Palynology 22, 181^196.
Torsvik, T.H., Tait, J., Moralev, V.M., McKerrow, W.S.,
Sturt, B.A., Roberts, D., 1995. Ordovician palaeogeography
of Siberia and adjacent continents. J. Geol. Soc. London
152, 279^287.
Turon, J.L., 1984. Le palynoplankton dans l’environnement
actuel de l’Atlantic nord-oriental. Evolution climatique et
hydrologique depuis le dernier maximum glaciaire. Me¤m.
Inst. Ge¤ol. Bassin Aquitaine 17, 1^313.
Tyson, R.V., 1995. Sedimentary Organic Matter. Organic Fa-
cies and Palynofacies. Chapman and Hall, London.
Vanguestaine, M., 1991. Datation par acritarches des couches
cambro-tre¤madociennes les plus profondes du sondage de
Lessines (bord me¤ridional du Massif du Brabant, Belgique).
Ann. Soc. Ge¤ol. Belgique 114, 213^231.
Vanguestaine, M., Servais, T., 2002. Early Ordovician acri-
tarchs of the Lierneux Member (Stavelot Inlier, Belgium):
stratigraphy and palaeobiogeography. Bull. Soc. Ge¤ol.
France 173, 561^568.
Vavrdova¤, M., 1974. Geographical di¡erentiation of Ordovi-
cian acritarch assemblages in Europe. Rev. Palaeobot. Paly-
nol. 18, 171^175.
Vavrdova¤, M., 1990. Early Ordovician acritarchs from the
locality Myto near Rokycany (late Arenig, Czechoslovakia).
Cas. Pro Mineral. Geol. 35, 239^250.
Vavrdova¤, M., 1997. Early Ordovician provincialism in acri-
tarch distribution. Rev. Palaeobot. Palynol. 98, 33^40.
Vecoli, M., 1999. Cambro-Ordovician palynostratigraphy (ac-

ritarchs and prasinophytes) of the Hassi-R’Mel area and
northern Rhadames Basin, North Africa. Palaeontogr. Ital.
86, 1^112.
Vecoli, M., 2000. Palaeoenvironmental interpretation of micro-
phytoplankton diversity trends in the Cambrian^Ordovician
of the northern Sahara Platform. Palaeogeogr. Palaeoclima-
tol. Palaeoecol. 160, 329^346.
Volkova, N.A., 1995. Acritarchs of the Cambrian^Ordovician
boundary deposits of the Baltic Phytoplankton Province.
Stratigr. Geol. Correl. 3, 31^43.
Volkova, N.A., 1997. Paleogeography of phytoplankton at the
Cambrian^Ordovician Boundary. Paleontol. J. 31, 135^140.
Wall, D., Dale, B., 1973. Paleosalinity relationships of dino-
£agellates in the Late Quaternary of the Black Sea ^ a sum-
mary. Geosci. Man 7, 95^102.
Wall, D., Dale, B., Lohmann, G.P., Smith, W.K., 1977. The
environmental and climatic distribution of dino£agellate
cysts in modern marine sediments from regions in the North
and South Atlantic Oceans and adjacent seas. Mar. Micro-
paleontol. 2, 121^200.
Wicander, R., Playford, G., Robertson, E.B., 1999. Strati-
graphic and paleogeographic signi¢cance of an upper Ordo-
vician acritarch £ora from the Maquoketa Shale, northeast-
ern Missouri, USA. Paleontol. Soc. Mem. 51 (J. Paleontol.
73 (Suppl. 6)), 1^38.
Wilde, P., 1991. Oceanography in the Ordovician. In: Barnes,
C.R., Williams, S.H. (Eds.), Advances in Ordovician Geol-
ogy. Geol. Surv. Canada, Paper 90 (9), pp. 283^298.
Wright, R.P., Meyers, W.C., 1981. Organic walled microplank-
ton in the subsurface Ordovician of northeastern Kansas.
Kansas Geol. Surv. Subsurf. Geol. Ser. 4, 1^53.
Yin, L.M., 1995. Early Ordovician acritarchs from Hunjiang
region, Jilin, and Yichang region, Hubei, China (in Chinese,
with English Abstract). Palaeontol. Sin. New Ser. A 185, 1^
175.
Yin, L.M., Di Milia, A., Tongiorgi, M., 1998. New and
emended acritarch taxa from the lower Dawan Formation
(lower Arenig, Huanghuachang Section, South China). Rev.
Palaeobot. Palynol. 102, 223^248.
Zhou, Z.Y., Fortey, R.A., 1986. Ordovician trilobites from
North and Northeast China. Palaeontogr. Abt. A 192,
157^210.

PALAEO 3077 9-5-03

T. Servais et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 195 (2003) 149^172172


	Ordovician organic-walled microphytoplankton (acritarch) distribution: the global scenario
	Introduction
	Ordovician palaeogeography, palaeoclimatology, and oceanic currents
	Acritarch ‘provinces’ and previous plots of acritarch distribution
	The earliest models
	The ‘Mediterranean’ or ‘peri-Gondwana’ province
	The ‘Baltic province’
	Warm-water province(s)
	Previous plots of acritarch distribution
	Interpretations of the impact of ocean currents

	Palaeobiogeography or palaeoecology?
	The biology of acritarchs
	The palaeoecology of acritarchs: the temperature signal
	The palaeoecology of acritarchs: the coastal/oceanic signal
	The palaeoecology of acritarchs: the salinity signal
	The palaeoecology of acritarchs: the productivity signal

	Ordovician acritarch distribution: the global scenario
	Laurentia
	Siberia and Kazakhstan
	Baltica
	China: three plates
	Australia: northern Gondwana
	South America: western Gondwana
	Avalonia, ‘Armorica’, ‘Perunica’ and southern peri-Gondwana

	New plots
	The ‘Tremadocian-Arenig’ boundary
	The ‘Arenigian’
	The ‘Arenigian-Llanvirnian’ boundary

	Discussion
	The evolution of acritarch palaeobiogeography through the Palaeozoic
	Comparison with the Ordovician distribution of the chitinozoans

	Conclusions
	Acknowledgements
	References


